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ABSTRACT

An investigation of condensers suitable for operation as components
of space power systems operating on the Rankine cycle has been continued.
Several geometric variations of jet condensers and direct (radiator) '
condensers were tested and analyzed. The test fluid was mercury at
temperatures ranging from 500°F to 800°F. Vapor velocities ranged from
less than 20 fps to.greater than 250 fps. Results of jet condenser
analysis and testing are reported herein. Direct condenser analysis
and testing are reported im Part I of this report,

The jet condenser investigation provided information on performance
charactéristics of several geometries. Vapor inlet diameters of 0.19
inch and 0,75 inch were tested, Stable closed-cycle operation, simple
startup techniques, vapor-to-liquid outlet pressure rises, and high heat
transfer rates were characteristics of the condensers tested. Converéion
of thermal energy to pressure énergy was demonstrated both by analysis
and experimentai results obtained with geometries (converging-diverging)
designed to maximize pressure rise. bata are presented both to provide
information on the internal flow and heat transfer processes and also
to’provide generalized relationships suitable for preliminary design.

All teéting was performed with the condensers in.a horizontal
orientation, The majority of test units utilized quartz walls for the
condensation region to enable visualization of the flow, High speed
(4000-8000 frames per second) motion pictures were taken of jet conden-
sers during steady-state and transient operation. Single frame sequences

from these films are included in this report.
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NOMENCLATURE

Symbol Parameter Units -
. (unless otherwise noted in text)
A Area , ft2
Kl Area ratio of injector to tube inlet
Kz Area ratio of injector to throat
&th Area ratio of throat to tube inlet
Cq Discharge coefficient
c, Specific heat of liquid BTU/1b°F
d Diameter ft
g Constant = 32,2 ‘ (lbm/lbf)(ft/seCZ)
hfg Heat of vaporization : BTU/lb'
Hj Jet condenser ideal power output kw
, .
Hy (1 - 1708 ) (o B
K, Diffuser loss coefficient
L Length ft, in
m Mass flow rate 1b/hr
o .
mp Ratio of injected liquid mass flow to vapor

mass flow (saturated vapor flow for quality
less than unity)

;; Mass flow ratio for Tze = Tvo

P Pressure | ’ ' psi(a)
APa Pressure rise from jet condenser iplet to outlet péi(d)
APi Pressure drop across injector - psi(d).
A%ﬁ Ratio of pressuré rise, AP , to dynamic

pressure of injected liqui
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ATSC

AT

° «

NOMENCIATURE (Continued)

Parameter

(unless otherwise noted in text)

Ratio of pressure rise, APa, to dynamic
pressure of inlet vapor flow

Ratio of pressure rise from inlet to throat
to dynamic pressure of injected liquid

Ratio of pressure rise from inlet to throat
to dynamic pressure of inlet vapor flow

Heat rejected to liquid jet from condensing vapor
radius
Reynolds number

Temperature, time

Outlet subcboliﬁg =T - T

vo Le
T " - -
Radiator"” temperature drop TZe Tzo
Velocity

Ratio of inlet vapor velocity to
injected liquid velocity

Mass flow rate per unit area
Distance

Inlet vapor quality

Angle, thermal diffusivity
Turbulent diffusivity for heat

h s s
ut characteristic root of Besselfs
Function, Jo

Ratio of measured to calculated ﬁressure rise

Ratio of ideal to actual injector pressure
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Units

BTU/hr

ft

°F, sec

°F

ft/sec

1b/sec in2

ft, in

(°),ft2/sec
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NOMENCLATURE (Continued)

Symbol Parameter Units
(unless otherwise noted in text)
p’ Density 1b/ft3
o .
p Ratio of liquid to vapor densities
T Wall shear stress '1b/ft3
é Stream potential ~ ft2/sec
X Jet utilization factor = (Tze - Tzo)/(Tvo - Tlo)
\ Heat transfer parameter = XVLOIVR

Subscripts

o Inlet of jet condenser, station number
1 . Throat of jet condenser, station number
2 Outlet of jet condeﬁﬁer, station number
1,2,3 | Multi-tube unit individual tube designations
b Bulk, boundary
‘c Condensation
(calc) Calculated
d Diffuser
e Exit, outlet of jet condenser
i  Injector
5 Jet
£ Liquid
vmv Mixed
RF Rankine
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Symbol

Subscripts

NOMENCIATURE (Continued)

Parameter

s Saturated conditions

t Tube

T Total (for multi-tube unit)
v Vapor

w ﬁall
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(unless otherwise noted in text)




1. INTRODUCTION
1.1 Background

The majority of dynamic space power systems currently under
development utilize direct condenser-radiators es the heat rejectioﬁ
component. However, problems of startup, system ground testing, two-
phase flow in a zero~-gravity environment, and multi-tuBe instability,
have resulted in serious interest in the application of indirect con-
densers (Ref. 1,2). Moreover, the role of indirect condensers in space
will become much more prominent as power systems in the megawatt class
are developed. For these large power levels, the pfoblems associated
with startup aﬁd stability of~direét condenser-radiators may become more.
severe. Also, preliminary analyses indicate weight savings may result
from the use of an indirect condensing system (Ref. 3 and 4).

In the indirect type of condenseg vapor. 1s first condensed in
a jet condenser or compact heat exchanger-condenser, and the heat
released by condensation is subsequently rejected in an all-liquid
radiator. SChematlcs of indirect condensing systems employing the
jet condenser are shown in Fig. 1. _

In the jet condenser, subcooled liquid working fluid is
iﬁjected into the vapor stream. Physical mixing of vapor and liquid,
and subsequent condensation of the vapor occur within a relatively
short distance downstream of the region of injection. The resulting
condensate-liquid flow circuletes through a liquid radiator where the
'heet absorbed by eondensa;ion is rejected. Part of the resulting
subcooled liquid is bypassed and injected into the jet condenser. The
remainder is returned to the boiler to complete the flow cycle.

The jet condenser component is very compact relative to a

direct condenser-radiator or a heat exchan
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this unit may provide significant pressure augmentation to circulate
the liquid in the liquid-radiator loop. The amount of pumping power
required for the bypass flow would depend on the net pressure drop

experienced in the liquid radiator loop (Pi - Pa). In particular, for
if the p ure rise

3
ct

4 A~ ot ~An
i al jec &0

(P =P - Pv) is equal to the sum of the injection pressure drop

( APi = Pi --Pv% the liquid radiator pressure drop ( APLR = Pa - Po)
and the total line-pressure drop (APz = Po - Pi),no external pressure
boost would be required during steady-state operation to circulate the
injected liquid flow.

Figure 1 depicts three possible arrangements for a jet condenser
system. 1In the first (la), a greater flow rate than that required
for the boiler is pressurized by the boiler inlet pump. The excess is
bypassed and is used in a jet pump to boost the pressure of the liquid
by the amount required to effect injection of the required liquid flow
rate into the condenser,

In the second system shown (1b), the jet pump is eliminated.
This cohfiguration would be feasible if the jet condenser pressure rise
were sufficient to maintain circulation in the liquid loop and if
stable operation could be achieved in the system.

The third configuration (lc), uses two circulation pumps.

This arrangement might be required for applications where valving
and controls were not adequate to maintain accurate flow division. Also,
starfup would probably be simplified over the arrangement in la.

The jet condenser appears to have many characteristics which
favor its application to space power systems opefating‘on a Rankine
cycle. Use of the jet condenser can result in very high condensation
rates and therefore a very compact unit. Augmentation of the primary
pumping power, stable operation and simple startup techniques are also
poesible. The jet condenser appears to be insensitive to gravity forces
as is the liquid radiator component of this system.

Jet condensers have previously been used in small steam power

plants, for boiler feed water circulation (in place of a rotating pump)
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and for several process applications (Refs. 5, 6, 7). 1In addition, use
has been made of the basic momentum exchange process for steam ejecpors
(Ref. 7) to provide thrust and control turbine back pressure in torpedo
powerplants (Refs. 8 and 9). However, none of the above applications

have resulted in published information which is suitable to determine the
required performance characteristics of jet condensers when used with
liquid metals. As a consequence, the second phase of the current investi-
gation was initiated to determine jet condenser performance characteristics
with a liquid metal, mercury, as a test fluid. The primary objective

of the progrém was to obtain experimental data suitable for preliminary
design of a jet condenser in a mercury Rankine cycle power system.

1.2 Principal Results of Previous Work

1.2.1 Results with Water as a Working Fluid

Although jet condensers have been used with steam for
70 to 80 years, analyses or experimental data for the internal flow
processes and/or performance characteristics are not widely available.
Some of the more significant investigations of steam jet condensers
have resulted from theix more recent use in torpedoes. High thrust,
efficiency, and powerﬁlant control requirements have necessitated
more detailed knowledge of operation of these condensers than was
required for steam powerplant applications.

Reference 9 reports on one of a series of experimental
investigations conducted upon jet condensers to determine their thrust
augmeﬁtation characteristics for torpedoes. Internal measurements
were made of temperature, static pressure, dynamic pressure and
momentum in both the vapor and subcooled liquid. Some results of the
pressure measurements are presented in Section 2 to illustrate some of
the intermal flow characteristics. These tests provided very useful
information which enables an interpretation of the physical mechanisms
and flow processes in jet condensers. However, in general, variables

were not extended over a wide enough range to provide design data for

other fluids or geometries.
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A theoretical analysis of the pressure rise in a jet
condenser used to condense turbine exhaust gases ("condensuctor') is
reported in Ref. 8. Here the author treats the cases of a constant-

rea mixing chamber and a constant pressure mixing chamber. The effect

of noncondensable gases is included in this analysis. The results

mixing if high pressure rise or thrust augmentation is desired.

Earlier investigations at Electro-oﬁtical Systems
included an experimental and analytical evaluation of jet or spray condenser
performance with steam and water during a six-month program sponsored
by NASA (Ref. 4). The particular configuration tested consisted of
inclined jets of subcooled water injected from an annulus into a
central delivery tube through which steam flowed. The jets impinged at
the axis of the ;ubé to produce a stream of subcooled liquid which
ranged in character from a highly dispersed spray to a turbulent jet.
Test results were found to agree with calculated values of pressure rise
to within 80 to 90 percent of theoretical for cases where moderate conden-
sation lengths were involved. Condensing coefficients were obtained which
were one to two orders magnitude higher than those reported for film or drop-
wise condensation. This result is in agreement withqualitative observations
of Ref. 9. Another important result of this early work was the demonstra-
tion of jet condenser effectiveness in performing the final separation of
vapor and liquid independent of gravity. That is, the units tested weré
operated with both horizontal and vertical upward flow such that gravity
did'not aid in the final separation of vapor and liquid.

1.2.2 'Results with Mercury as a Working Fluid

‘ The only known previous work performed on the use of jet
condensers for mercury was conducted at Electro-Optical Systems and .is
reported in Ref. 4. Pressure rise and heat transfer .characteristics of

two test geometries were analyzed and results were used to correlate test data
obtained for condensing mercury vapor. As with the water testing,

the injector consisted of an annular header containing constant diameter
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injector holes inclined to produce a conical array of impinging jets
at the centerline of the condenser tube. Vapor flowed through a
central delivery tube and was condensed in a constant area mixing
chamber. A schematic and photograph of these early units are shown in
Fig. 2. The internal diameter of the vapor tube was 0.1
Mercury flow rate was varied from about 12 to 25 1lb/hr; mass flow ratio
of injected liquid to vapor was varied from 7 to 35 and vapor tempera-
tures ranged from 700 to 860°F.

. High heat transfer rates were obtained with mercury, as
with water. In addition, the experimental pressure rise from vapor
to condensate at the outlet agreed both in trend and magnitude with
the analysis. The length required for complete condensation of
the vapor was correlated using the parameters of the heat transfer
analysis. However, the use of impinging jets and the resulting complex
flow resulted in a correlation of Eest results which probably does not
possess sufficient generality for design of other geometries. 1In
addition, these units providea relatively poor pressure rise character-
istics compared to other geometries.

To sﬁmmarize, jet condenser principles have been under-
stood and used for a relatively long period of time. However; although
general performance characteristics are known, no previous work had
supplied experimental data which was sufficient to provide a basis
for design of such a component for a space power system using a liquid
metal. This is particularly true for the case where such a component

is to have a high pressure rise.

1.3 Scope and Objective of Present Program
In ordér to provide design data for mercury jet condensers, the
theoretical and experimental investigations reported in Section 1.2
were extended. Improved injector (central injector) and mixing chamber
(cdnvergent)geometries designed to achieve higher pressure rise were
tested over a wider range of test variables. Improved and more compre-
hensive measuring techniques were utilized. While emphasis in the

earlier program had been placed upon the attainment of high heat
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transfer rates, the present program also considered maximization of
vapor to condensate pressure rise, In order to provide a guide in the
design of test geometries and selection of the range of variables,
additional analyses of pressure rise were performed for these geometries.

1.3.1 Theoretical Analyses

The most important analyses conducted on this program
were related to the pressure rise performance of jet condensers. Geome-
tries were conceived and analyzed to maximize the pressure increment from
inlet vapor to condensate outlet. Several different special cases of
the more general pressure rise equations were cousidered in order to
identify important parameters in the condensation process, as well as to
guide testing. Results of one of these cases (constant inlet pressure
model) may be useful for extension of test results. Because of diffi-
culties encountered in achieving independent experimental variations of
the important operating parameters, use of non-dimensional parameters
of the analysis were required to characterize performance.

Other analyses carriea out where:

1. An improvement of the heat transfer analysis
presented in Ref. 4,

2. An energy analysis which indicates the magnitude of
the conversion of thermal energy to pressure energy
in jet condensers. '

3. Modification of the pressure rise analysis to
express the pumping power output of jet condensers
in terms of performance paramneters.

1.3.2 Experimental Program

The experimental program was intended to provide
performance data over a sufficiently wide range of variables and
geometries for use in the preliminary design of jet condensers for space
'powér systems. In order to accomplish the above objective, test
sections were chosen which, while possessing many geometric features
which may be used in a system, also had sufficient simplicity to

enable test results to be correlated in terms of more basic flow
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and geometric variables. Test performance characteristics then may
be used together with results of the analysis to identify some of the
more important features of operation of jet condensers. 1In order to

make test results applicable to design, the range of test variables was

Among the more basic factors to be investigated
during the experimental program were:

1. Feasibility and performance of a single central

liquid injector.

3. Performance characteristics of jet condensers

designed to achieve higher pressure rise.

4, Application of scaling relations to results

obtained with smaller geometries.

In order to accomplish the above, several series of
tests were conducted. These tests are summarized in Table I. The
first series consisted of tests of a central injector-constant area jet
condenser. These tests were conducted at flow rates and with other
operating variables similar to those tested with impinging injector jet
condensers to determine their heat transfer characteristics. In
addition, a high speed photographic study was made of the process of
interface formation in order to gain insight into physical behavior.
The heat transfer results were used to provide information on the
variation of condensation length with vapor and liquid flow parameters
in order to estimate throat location for the desired operating conditions
for variabie area jet condensers.

Several (four) converging-diverging jet condenser
geometries were fabricated and tested to assess their performance and
determine the pressure rise characteristics of each geometry. These jet
condensers used ceﬁtral injectors and the same inlet geometry as the -
constant area-central injector unit previously tested. Results. of the

ant area testing were, therefore, used to determine throat location
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TABLE 1

JET CONDENSER TESTS

Test Unit(s)

1. Constant-Area Central Injector
(0.19" vapor inlet diameter,
Test Sections 1 and 2)

2. Counverging-Diverging Central
Injector (0.19" vapor inlet
diameter, Test Sectiomns 3, 4,
5, and 6)

3. Converging-Divergiﬁg Central
i Injector (0.75" vapor inlet
diameter, Test Sections 7 & 8)

4. Multitube Jet Condenser
(3 units, 0.43" vapor inlet
diameter, Test Section 9)

1588-Final II 10

Purpose

Determination of feasibility of a
central injector. Data on changes of
condensing distance and pressure

rise as operating parameters are
varied. Study of time-history of
interface formation.

Determination of feasibility of the
use of the converging-diverging
geometry to obtain higher pressure
rise. Comparison of heat transfer
and pressure rise data with constant
area test unit. Data to enable an
estimation of performance of
converging-diverging units in

larger systems.

Provide design data over a range

of variables for a larger geometric
size where better dimensional control
was available. Investigation of
gravity effects(if any) on perfor-
mance of a larger unit. Comparison
of performance with smaller units.
Investigation of the effect of a
constant area throat on range of
operation and/or performance.
Preliminary investigation of
scaling.,

Determination of feasibility of
manifolding jet condensers. Evalu-
ation of changes in performance
and/or stability characteristics
when manifolded.



for these geometries (where little freedom in the variation of
condensation distance was possible). These units were tested over a
wide range of variables to determine their pressure rise, heat transfer,
and stability characteristics., In addition, one test section was

ne maximum pressure rise which the test loop was capable

of containing in order to ascertain if there were any inherent limit

in pressure rise imposed by the jet condenser component itself.

The results of testing of these smaller diameter
geometries (together with analysis) were used to design two larger test
units. The large geometries utilized the full vapor and liquid flow
capacities of the test loop. These units were tested over a wide range of
variables in order to substantiate the validity of the scaling tech-
niques used. Pressure rise, heat transfer, and stability of these
units were examined. High speed motion pictures were taken to provide
an insight into the internal flow processes.

In addition, since the larger geometric size of these
units permitted more consistent jet alignment and better relative
dimensional tolerances; tests were conducted in order to compare
experimental results with analytical predictions. Variations in density
ratio were made in order to maximize vapor velocity and provide results
which may be applicable to other fluids. Results were correlated and
analyzed and are presented in the form of design relationships, suitable
for preliminary design of a jet condenser. In addition, transient
behavior of the jet condenser for sudden changes in interface location
during startup and shutdown were recorded.

A multitube jet condenser was fabricated and tested in
order to determine the feasibility of manifolding several small units
to condense a large vapor flow. Three identical units, which were based
on the design of previous test sections, were operated in the 10 kw test
loop. Results were obtained which indicate some changes in per formance
characteristics compared to single units.

The experimental portions of this program were not

intended to supply information for the design of a jet condenser for
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one specific requirement nor were they intended to provide basic
information on the internal flow processes. Rather, the results are
intended to provide a general background of jet condenser performance

characteristics, so that a rational basis will be available for

Or Space power systems.
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The main purpose of the following discussion on internal flow
processes is to suggest a model for the physical behavior of jet conden-
sers which can be used as a basis to interpret and evaluate results of
the analysis and experiments. In addition, some of the more important
performance parameters and variables are summarized in Sections 2.2
and 2.3 to provide the designer with an understanding of these quanti-
ties and how they relate to jet condenser operation in a system.

2.1 Internal Flow Processes

Schematic illustrations of two types of jet condensers are
presented in Fig. 3. Many possible variations of injector, mixing cham-
ber, and throat geometry exist. However, this figure presents two
simple geometries, converging-diverging and constant area, similar to
those iﬁvestigated on this program.

Vapor flows from left to right and enters the condenser at
Station 0. At that location subcooled liquid is also injected in the
form of a central jet. Vapor and liquid flow concurrently through a
mixing chamber with simultaneous mass trahsfer, heat transfer and
momentum exchange occurring. Finally, with sufficient heat exchange
between vapor and subcooled liquid, at some location within a throat
(or the mixing chamber) complete condensation of the vapor will occur.

In a closed cycle system the resulting liquid flow is sub-
cooled in a liquid radiator. A portion is returned to the boiler to
generate vapor, while the bulk of the flow (now subcooled) is injected
into the condenser (cf. Section 1).

A complete description of the physical mechanisms of heat,
mass, and momentum transfer across a vapor-liquid interface is currently
not available, even for the case of a non-flowing system with moderate

rate processes, such as dropwise or film condensation on a wall. For
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the jet condenser, further complications arise due to the presence of
turbulent flow and very high transfer rates. In fact, the vapor-
liquid "interface" is probably not a distinct boundary, but instead

is a narrow region containing both phases. However, some insight into
these phenomena can be obtained by considering some features of the
flow within each phase.

2.1.1 Vapor Transport

The transport of vapor from the main flow stream to the
subcooled liquid jet is primafily a result of the pressure difference
from the main vapor stream to the subcooled liquid boundary. For a
free Boundary with no net mass transfer, the vapor pressure at the
boundary must be in equilibrium with the saturation pressure of the

liquid phase (neglecting surface tension effects). That is:

Pob ™ Pgp ~ (sz) (1)

Very strong pressure gradients within the vapor are likely
to occur at the initial location of injected liquid. Here, the liquid
is at the lowest tempefature in the mixing chamber and the corresponding
éaturation pressure is lowest. Thus a rather strong interaction with
the vapor flow and correspondingly, high initial condensation rates are
possible. The maximum vapor flow rate which can be condensed on the
jet at this point is determined by the jet area and the sonic velocity
of the vapor (Ref. 10). However, as vapor is condensed on the jet, the
heat released by condensation results in raising the jet temperature
and liquid saturation pressure, Hence the pressure difference between
the main vapor stream and the liquid jet is reduced, and the flux of
vapor to the jet decreases. '

The decrease of the pressure gradieht of the vapor would
modify both the vapor flux and the shape of the vapor streamlines. For
example, Figure 4 is a schematic representation of a typical axialb
distribution of vapor condensation (Ref. 11) and a construction of the
corresponding vapor streamlines, resulting if the jet is treated as an

idealized mass sink. The entering streamlines which are close to the
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jet are strongly affected and would probably merge into the liquid phase at
steep angles, within a relatively short axial distance. Those further

from the jet are less influenced by the local liquid surface pressures

and gradually merge with the liquid phase. In this figure, the stream-

lines appear to terminate, since the jet was represented as a mass sink.

However, in the actual case the vapor particles become liquid particles
and +tha atranmlinoe cantdniia within +tha 13an1id nhaco
(- R4 Luc D LATCGULIL Ll W R ALV A AL A AL [Sre L ‘.‘.\.‘u‘.v | = ]

An increase in the temperature of the liquid jet at the surface
(which tends to reduce the condensing vapor fiux) will result as the bulk
or mixed cup temperature of the jet increases due to heat addition from the
condensing vapor. A temperature gradient within the jet is required to
remove the heat of condensation released at the surface; thus the surface
temperature wiil be greater than the bulk temperature for heat transfer
into the jet.

These effects are illustrated in Fig. 5, an idealized represen-
tation of the vapor and liquid temperature gradients at different axial
locations in the mixing chamber. The initial temperature field (at 0)
consists of a large local temperature (and pressure) gradient in both fhe
vapor and liquid near the interface. However, as heat is transferred, due
to condensing vapor, the bulk temperature, T., is raised and the tempera-
ture gradient within the liquidlphase decreases. The temperature at the

jet surface, is probably increased, as the vapor temperature gradient

T )
decreases. Fiﬁglly as éomplete condensation of the vapor is approached,
the bulk temperature of the fluid approaches its final value. The
difference in free stream vapor pressure, on, and the saturation pressure
for the bulk temperature, Ps(Tj), may still be a significant quantity.

However, the surface temperature of the jet, T p> must be greater than the

yA
bulk temperature, T,, to transfer heat to the interior. Therefore, the
local vapor pressure difference, on_Ps(sz)’ may be very small, with
resulting low values of local condensation rate.

2.1.2 Heat Transfer in Liquid Jet

The heat transfer from the liquid surface to the interior is
a combination of both conduction and turbulent exchange within the
1iquid. For fluids having lower values of thermal diffusivity, such
as water, turbulent transfer of heat is probably the dominant mechanism.
However, both modes of heat transfer may be important in liquid metals

where the higher values of thermal diffusivity are experienced.
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The capacity of any given portion of the injected liquid to
absorb heat is related to the time it spends in contact with the vapor.
That is, a particle of liquid spending an infinite period of time in
the vapor will eventually absorb the amount of heat which raises its
temperature to the temperature of the vapor. If the velocity of the

injected liquid is specified, the residence time of liquid in vapor

e

e proportional to the len to the final
vapor-liquid interface. Therefore, an analysis of the transient heat
transfer process occurring within the jet can be performed (with the
proper simplifying assumptions) which expresses the heat absorbed in

the jet (or condensation rate) as a function of axial distance traversed

in the condenser (cf. Section 3),

2.1.3 Pressure Distribution and Interface Formation

The condensation of vapor upon the liquid jet produces a
sizable conversion of thermal energy to mechanical energy (pressure or
velocity head). This conversion process has been demonstrated both
by analysis and experiments (cf. Sections 3 and 5). The question may
then be raised as to what effect the addition of this mechanical
energy has upon the shape and character of the injected liquid.
Moreover, what force mechanisms are present to produce all-liquid flow
at the ouflet when stratified vapor~liquid flow occurs upstream?

v Qualitative answers to both questions may be postulated by
considéfing the momentum exchange process, previous work on the stability
of jets, and previous internal measurements made across vapor-liquid
interfaces.

For the case where large condensation rates occur, Equation
(1) must be modified to account for momentum exchange from the vapor
to liquid. For a liquid surface which is not accelerating in the

direction of vapor flow, it can be shown that:

Py~ Pup™ . : (2)

Hence, if the net local condensation flux(per unit area), Wc, and vapor

condensation velocity, Vc’ are very high, such as may occur at the inlet
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regions, the liquid pressure at the jet boundary may be maintained

at significantly higher values than the vapor pressure at that
location. However, at downstream locations, ﬁc and Vc may decrease

to the extent that the pressure of the liquid at the surface is

nearly equal to the vapor pressure at the surface. At these locations
the jet pressure at the surface will probably never be greater than

L £
p s

fol$ L
the re (wnicn

. -l ~£ Ll -
ree stream vapor pressur £

is nearly the pressure of the
liquid jet as it enters the mixing region). Thus the following set
of circumstances exist: significant amounts of vapor thermal energy
have been converted to mechanical energy and added to the jet by the
time it reaches downstream portions of the mixing chamber; however,
the surface pressure of the liquid jet is no greater than, and
probably less than the initial jet pressure.

These two apparently contradictory statements are compatible
if one of several flow phenomena occur:

l. At downstream stationé, liquid within the jet

interior may be at higher pressures than the liquid
at the jet surfaée (a positive radial liquid pressure
gradient) ..

2. The entife jet may be accelerated to a velocity
greater than the initial velocity.

3. Local portions of the jet at the surface could be
accelerated to higher axial velocities and lower
pressures than the main body of the jet.

In the actual internal flow of jet condensers of the types
described, all three of these flow situations will probably occur
simultanéously. However, it may be profitable to examine the physical
significance of eéch,individually.

An internal pressure distribution within a free liquid jet
with condensation has been determined experimentally. Reference 9
'repdrts static pressure and temperature probes within a jet condenser
which consisted of an annular water jet (in air) surrounding a steam

cavity. Figure 6 gives the approximate vapor cavity contour (as
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established by temperature probes) and Figure 7 reproduces the radial
pressure distributions at several axial locations from the injector.
The approximate locations of the vapor and liquid phases are indicated
by the dashed lines.

It is of interest to note the static pressure distributions
for axial Stations 2-5. An approximately constant radial pressure
profile exists within the vapor phase. However, the pressure increases
steeply from the liquid-vapor interface to the colder portions within the
liquid phase.

The pressure distribution at the first station has particularly
interesting features. At this location (where high condensation rates
prevail) a sizable radial pressure gradient occurs within the vapor, in
the direction to induce a component of vapor flow towards the subcooled
liquid. However, at the liquid surface a very steep gradient in the oppo-
site direction occurs, which results.in the liquid pressure at the surface,
sz, being higher than the pregsure in the colder parts of the jet, Pzi'
That is, if Equation (2) is applicable, Wc and VC are very high at the
entrance and, sz >> va~and sz > Pzi'

The most significant implication of the occurrence of a

radial pressure gradient within the liquid, is that it provides a
force mechanism for forming the final vapor-liquid interface. As a
result of the radial liquid pressure gradient, the liquid flow acquires
a radial component. This can be seen from the figures shown. At station 1
a strohg radial liquid pressure gradient occurred in the outward directioﬁ
(away from the vapor cavity). Examination of Fig.'6, the observed con-
tourvdf the vapor cavity, reveals that the cavity opened somewhat after
station 1., On the other hand, the downstream stations exhibit radial 1li-
quid pressure gradients toward the vapor. Inspection of the contour
shows the cavity to be closing at these stations.

| For the case of a jet condenser with a central liquid jet the
following steps in the formation of the final interface are postulated

and are illustrated by Fig. 8:
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1. At the point of injection , rapid condensation upon the liquid
jet occurs. This results in a negative radial liquid pressure
gradient, which in turn results in a reduction in the jet ra-
dius and produces surface waves which may or may not be ampli-
fied by the interaction of the vapor stream with the surface
(station 1),

2. As condensation on the jet occurs, the jet temperature in-
creases in the axial direction, suppressing condensation in
the downstream regions.

3. As lower condensation rates occur, the liquid surface pressure
is reduced to be more nearly equal to the vapor pressure, due
to the decrease in the flux of vapor momentum received by the
jet. This results in the establishment of a positive radial
pressure gradient in the liquid (station 2).

4. The positive radial pressure gradient in the liquid results
in a radial flow component in the liquid which tends to reduce

the vapor flow area and fill the condenser flow passage.

5. When the passage is filled, the walls result in the establish-

ment of a uniform radial pressure profile within the liquid.

It should be noted that the jet profile sketched in Fig. 8 was
taken from a single frame of Fastax motion pictures (8000 frames per
second) taken of a jet condenser operating with mercury (cf. Section 5),

The latter two flow phenomena (accelerating jet and high sur-
face velocities) occur when the mechanical energy of the jet is increased
by increasing liquid kinetic energy. Increasing the liquid velocity
provides a means whereby the average total pressure

- X

-~

I ab V2 .
1j‘ ) : : . -
— (2, + )dri of the jet may be increased when the liquid

Ty 2g
pressure at the boundary is equal to vapor pressure. This behavior may

LA S 0L [ S §

is initially very subcooled. The jet then is accelerated and reduced
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in area and becomes varicose. Surface waves are formed and are rapidly
accelerated to high velocities by the vapor shear and condensation forces.
This general situation is illustrated in Fig., 9, (which is taken from a
high speed motion picture of a jet condenser operating with lower liquid
velocities than those of Fig. 8).

The high heat transfer rates and large pressure gradients
(relative to condensation on a wall) occurring in jet condensers, result
in a final separation of the vapor and liquid which is not strongly
influenced by gravity body forces. This is particularly true if the
final expansion of the jet required to fill the flow passage is small.
The positive separation results in single phase flow out of the mixing
section or throat. Therefore, effects of the increase in mechanical
energy of the liquid can be treated in a conventional manner downstream

of the interface.

2.2 Identification of Performance Parameters

The internal flow processes described in the preceding section
are characterized by overall performance paraméters which, in general,
must be known for preliminary design of a jet condenser heat rejection
system. The more important of these parameters (from the standpoint of
system design) will be identified and discussed in this section. The
influence of geometry and flow conditions upon these parameters will be
indicated in the following section,

Condensation Length‘

The length required for complete condensation of the inlet
vapor flow is an important operating parameter. Lower values of conden-
sation lengtﬁ are a result of higher condensation rates and provide a
smaller, lighter weight jet condenser. For a given geometry, information
on the variation of condensation length with flow conditions is required
to ensure that condensation occurs within a prescribed distance down-
stream of the injection plane. In addition, there are regimes of opera-

tion where condensation distance is very sensitive to flow perturbations.

o

These regimes must be known and avoided for stable condenser operation,
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Mass Flow Ratio

For a given set of operating conditions the mass flow ratio
of. injected liquid to condensing vapor must be known to enable accurate
flow division for closed cycle operation. In addition, the value of
mass flow ratio strongly influences the pumping power, liquid radiator
temperature drop, start-up characteristics, and fluid inventory.

Liquid Radiator Temperature Drop

The temperature rise from injected liquid to the liquid at
the outlet of the jet condenser is nearly equal to the temperature drop
across the liquid radiator in a jet condenser heat rejection system.
Operation with larger values of this temperature difference means a large
temperature drop would have to occur through the radiator, which would
result in an average radiating temperature lower than vapor temperature.
Since heat rejection from that component to space is proportional to
its temperature to the fourth power, higher values of temperature drop
require larger areas for the liquid radiator and vice versa.

Outlet Subcooling

The jet condenser must always have some terminal temperature
difference (as must any heat exchanger) from vapor to liquid to effect
the transfer of the total heat released by the condehsing vapor to the
injected liquid, within a finite distance. The amount of subcooling
required has an important effect on the average temperature level and
on the area of tﬁe liquid radiator component. Smaller values of outlet
subcooling result in the inlet temperature to the radiator being nearly
equal to vapor temperature (the highest temperature possible) which
results in the smallest liquid radiator. The outlet subcooling is also
related to the excess mass flow ratio required above the mass flow ratio
which would be required if the condenser could be operated with outlet
temperature equal to vapor inlet-temperature. For a given value of
radiator temperature drop, lower values of excess mass flow ratio also

imply smaller liquid radiators.
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Pressure Rise from Inlet Vapor to Liquid Outlet

One of the most significant features of jet condenser operation
is the occurrence of a pressure rise through the condenser. Proper
design of a jet condenser produces a pressure rise due to conversion of
vapor thermal energy and recovery of the injected liquid dynamic pressure.
This pressure rise characteristic obviates some of the problems associ-
ated with pressure drop in direct condensers. Under favorable circum-
stances, it may be possible to utilize this pressure rise to augment or
even replace the liquid loop circulating pump in a Rankine cycle system.
This pressure rise in itself is important to system design. However,
several other performance parameters are required to fully evaluate the
pressure augmentation performance of a jet condenser.

The ratio of pressure rise to vapor dynamic pressure provides
a convenient non-dimensional reference for the pressure rise. For a fixed
set of vapor inlet conditions, this parameter is directly proportional
to the absolute magnitude of the pressure rise.

The theoretical pressure rise in a jet condenser can be readily
calculated based on appropriate models for the wall pressure distribution
in the geometries used (cf. Section 4.4). Comparison of the actual pres-
sure rise to that calculated for this model provides a basis for extending
results to other geometries and flow conditions.

Ratio of Pressure Rise to Injected Liquid Dynamic Pressure

For a perfect injector (discharge coefficient of unity and no
losses) this parameter expresses the ratio of pressure rise to the pres-
sure drop required to inject liquid into the jet condenser.

Values of this ratio which are equal to or greater than unity
mean no net pumping power would be required to operate the jet condenser
if no other pressure drop losses (such as line or liquid radiator losses)
occurred through the rest of the system.

Jet Condenser Power

For all real applications, the net pumping power required to

operate the jet condenser system must be determined. This will include
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line losses, liquid radiator pressure drop, and the pressure drop (if any)
required to operate the jet condenser. The net power output of the jet
condenser which is available for liquid loop circulation is defined as
the jet condenser power. For many applications this term may be positive;
that is, the jet condenser contributes power to the circulation of the
iiquid which is in excess of that required to operate the condenser it-
self, The device then becomes a combination condenser and vapor driven
pump .

Performance of the jet condenser with high values of power
output has an influence on the weight optimization and reliability (if
the citculating pump were eliminated) of a jet condenser system. Nega-
tive or low values of power output could result in a large pumping
power weight penalty required to operate such a system. This penalty
would indicate use of lower injected liquid flow rate and hénce highér
radiator temperature drop. Positive values of jet condenser power mean
the'liquid radiator could be operated with high circulation rates (low
values of radiator temperature drop) without sizable pumping power

penalties.

2.3 Principal Variables Controlling Performance

2.3.1 Geometric Variables

Several geometric variables must be considered in the
design of a jet condenser. Among these are injector type, mixing chamber
geometry, throat and diffuser geometry. A general treatment of the
more important effects of these variables will be presented.

| Injector

Perhaps the most fundamental consideration in design
is the type of liquid injector to be used. Injectors may range from
very simple geometries (central liquid delivéry tube surrounded by vapor
. delivery tube) to more complex (multiple impinging jets or swirl nozéles).
In any event, the fundamental characteristic behavior of any type must.
be related to the desired performance. For example, efficient pressure

recovery in a jet condenser is favored by a coherent, axially directed,
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liquid stream, such as that produced by a central injector. However,
injected liquid in this form presents a relatively small surface for
condensation. On the other hand, rapid condensation would be promoted
by a finer dispersion of the liquid phase, such as might be produced by
impinging jets. However, kinetic energy of the injected liquid must

be expended in an irreversible manner in the liquid breakup processes.
Consequently, the available pressure rise is decreased by using this
type of injector. In a preliminary design, some type of compromise
would probably be made, depending upon the weight to be given various
operating characteristics.

Mixing Chamber Geometry

The two basic types of mixing chambers considered were
the converging and the constant area geometries. .Greater stability,
higher pressure rise and higher condensation rates usually will result
from the use of a converging geometry. However, a constant area geometry
can provide for greater variation in condensation length without a
severe change in operating characteristics. The effects of wall contour
for the converging geometry are not understood at present. An estimate
of the contour can be made if some criterion such as constant vapor pres-
sure or constant vapor velocity is adopted. However, any results would
probably not be meaningful in terms of the actual flow. In general,
however, for a given condensation distance; the transition from initial
vapor flow area to the area at the throat should probably be gradual
and avoid sudden changes in flow area which might produce separation of
the boundary layer. '

Throat~Diffuser Geometry

For the case of a constant area jet condenser, the
throat becomes identical to thebmixing chamber and no significant re-
quirements may exist for a diffuser. However, for a convergihg mixing
bchamber, the interface will probably be located in a constant area throat,
The flow area of the throat should be nearly the same as that of the

Losses and fluctuations which would result from the rapid expansion of
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liquid flow area at the location where the final interface is formed
would be eliminated.

Provision of a throat with a constant area length re-
sults in a geometry which may accommodate changes or fluctuations in’
condensation length without seriously affecting overall performance.
Design of the diffuser is dependent upon the circulation velocity and
pressure desired for the outlet liquid. Diffuser angles and contours

can be chosen from standard single phase flow theory.

2.3.2 Flow Variables

Several flow variables were presented as performance
parameters in Section 2.2. 1In this section, therefore, the discussion
will be centered on the general effects of these and other flow vari-
ables upon condensation length, Lc, and pressure rise, APa. Among the
more important of these variables are inlet liquid velocity, Vzo’
inlet vapor velocity, Vvo,‘inlet vapor pressure, on, outlet subcooling,
ATSC, and mass flow ratio, %R; ' '

Liquid Velocity

The velocity of the injected liquid is very important
in determining both the condensation length and pressure rise., Lower
liquid velocities produce a greater residence time of liquid in vapor
for a given condensation length. For a given condensation length,
lower liquid velocities may reduce the outlet subcooling and for the
same amount of heat transfer, shorter condensation distances are
poséible.'_However, use of a lower liquid velocity (or mass flow ratio)
results in a lower total pressure rise (although the jet condenser
power output may increase).

Vapor Velocity

High values of inlet vapor velocity are very desirable
in jet condensers. Higher velocities promote physical mixing of the
vapor and liquid which effects higher condensation rates. In additioﬁ;
both the total pressure rise and jet condenser power output increase

with increasing vapor velocity.
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Vapor Pressure

The vapor pressure at the condenser inlet will generally
be fixed by the design vapor inlet temperature. However, it should be
noted that higher vapor pressures (and densities) result in increased
condensation rates (shorter condensation distances). For the same vapor
velocity, higher values of vapor pressure also result in higher pressure

rises.

Qutlet Subcooling and Radiator Temperature Drop

The ratio of these two parameters has probably the most
direct effect upon the condensation length. The more subcooled the
liquid is, with respect to the overall temperature rise of the injected
liquid, the greater is the driving potential for heat transfer. Thus,
the smaller values of the ratio ATSC/ATR produce longer condensation
lengths and vice versa,

To summarize, the discussion of jet condenser operation
and performance-characteristics has necessarily been simplified due to
lack of knowledge of the internal flow processes. Experimental information
on performance will be presented later in Section 5. However, this section
haé attempted to present a general understanding of the more important
operating principles and characteristic performance of jet condensers

which will serve as guide in evaluating and interpreting test results.
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3. THEORETICAL ANALYSIS

Analyses of the internal heat transfer and overall pressure rise
characteristics of jet condensers were conducted during this program. The
limited information available on the internal flow processes has the
effect of limiting the accuracy of performance calculations. However, an
indication of the important non-dimensional variables as well as approxi-
mate values of performance parameters have resulted from this effort.

3.1 Constant Area Pressure Rise Analysis

The first configuration considered for analysis was that of a

constant area jet condenser. The pressure rise in a constant area
geometry may be‘explained qualitatively by examining Fig. 3-b. Vapor
and subcooled liquid are injected into the test section or condenser
at station 0. If the heat exchange is adequate, at some location the
vapor will be completely condensed and the flow will be all liquid.
The resulting condensate-liquid mixture exits from the test section
(station 2). Momentum exchange during condensation of the vapor and
the subsequent recovery of the injected liquid velocity head, results
in the conversion of vapor and liquid kinetic energy to pressure.

The vapor-liquid interface associated with condensation in a
constant area tube is accompanied by a sudden expansion of the liquid
flow as in Fig. 3~b. The flow is probably somewhat anmalagous to a sudden
expansion in a pipe in single phase flow. Thus, relatively inefficient
recovery of the jet kinetic energy occurs due to the large area ratio
for expansion.

The geometry of Fig. 3-b was treated in an analysis which is
summarized in Appendix A. The equation for conservation of momentum was
applied to a control volume about the condenser. The analysis rests

upon the -following assumptions:
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1. The radial pressure gradient at the inlet and outlet stations
is zero.
2. Flow at the exit is homogeneous and in thermal equilibrium.
3. PFor an inlet vapor quality less than unity no vapor-liquid
slip exists in the entering flow.
4, Wall friction within the mixing chamber is negligible
compared to the magnitude of the pressure rise.
5. An injector discharge coefficient of unity is assumed.
The final expressions of the analysis were further simplified
by considering complete condensation of the inlet vapor flow and by
assuming an inlet vapor quality of unity. For these assumptions, the

following equations were derived:

o 2 X2
R
L8 x

:>o

(mR + 1) (3)

‘o

2

~ 2
e 2 2 2

2| R +.{—%—Jo -2—]- 28 (1 + -ty (4)

[2‘ B, | -8 2R

Equation (3) expresses the ratio of pressure fise to the vapor

inlet dynamic pressure (A;%v) in terms of the mass flow ratio of liquid
to vapor (%R), the‘density ratio of liquid ﬁo vapor ( 8 ) and the area
ratio of the injector to tube (22). Expressing pressure rise as Ag
pProvides a means for the system designer to conveniently determine the
absolute magnitude of the condenser pressure rise (since vapor inlet
conditions will usually be prescribed).

Equation (4), which gives the ratio of pressure rise to the
injected liquid dynamic pressure (Axge), provides a significant measure
of jet condenser performance from the standpoint of pumping reduirements.
For an optimum design injector with a discharge coefficient of unity, the
latter parameter expresses the ratio of pPressure rise to the pressure |

rop required to inject subcooled liquid into the mixing chamber. 1If
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o
APz were equal to unity, no net pumping power would be required to effect

the injection of liquid into the jet condenser. The only power consump-

tion would be that required to circulate the liquid through the lines

and liquid radiator. Moreover,; if values of A%g highef than unity are

................. pumping the 1i
the radiator loop. These equations are plotted in Figs. 10 and 11 for a
range of liquid-vapor mass flow ratios and injector to tube area ratios.
Lines of constant vapor to liquid velocity ratio are presented for
reference,

The curves were determined for a density ratio of liquid to
vapor of 2620 which corresponds tc that of mercury vapor at 700°F. From
Fig. 10, the following conditions can be seen to favor a high absolute
value of pressure rise (for constant vapor inlet conditions).

l. A low ratio of injector to tube area.

2. A high ratio of liquid to vapor flow rate.

For a.given mass flow ratio, higher values of inlet vapor

velocity result in a higher pressure rise. In addition, from Equation (3),
high vapor densities (or a low ratio of liquid to vapor density) also
result in high absolute values of pressure rise.

Examination of Fig. 11 reveals that opposite trends result in

high values of A%z in some instances. That is, conditions favoring a
high absolute magnitude of pressure rise may result in smaller values
of the ratio of pressure rise to injection pressure drop. From Fig. 11,
the following favor a high ratio of pressure rise to injected liquid
dynamic pressure:

1. A large ratio of injector to tube area.

2. Low ratios of liquid to vapor flow rate.

Also, from Equation (4), high values of liquid to vapor density

ratio tend to increase A%Z° ‘

Relatively large numerical values of pressure rise coefficient

can be obtained for some inlet conditions. For the values of méss flow

ratio shown in Fig. 10, the pressure rise referred to vapor dynamic pressure
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attains values as high as 140; i.e., the pressure rise through the con-
denser would be 140 times that which would be obtained if the dynamic
pressure of the vapor were recovered.

However, this magnitude of pressure rise would occur for low

valueg of velocitv ratio ( prr_\xim_ately op_e)_ For realicstic valueg of

v AleEs O VeIl ) &8t 1o S0L LS8l iC Vaavoes L2

velocity ratio (approximately 20), a lower pressure rise results. As
an example, for a vapor velocity of 300 fps and a liquid velocity of 15
o
fps with an area ratio of 0,20, Fig. 10 predicts a value for AP of
\
M, =oe lo v, *128~3.6 (5)

The absolute magnltude ofzﬁP would be

~ 0. 29)L00) (3.6)
AP~ ) 32.2) (Lab) 10.1 psi

Thus, based on the analysis, ‘it would be possible for this example to

add about 10 Psi to the condenser inlet pressure of 20 psi.
In order to relate this pressure rise to the pressure drop
required for 1njection, the value ofAIQ,must be determined. From Fig.

11 the value ofAAP‘ for the above flow conditions is given as:

2

s ~ 0.56 | (6)
A?l 2, oV, 128

. For a perfect injector,

T 2 10.1 ,
APy = p‘Vko /2g or APi ~ 058 ° 18 psi

[=a)

Since the value oflﬁgl is less than unity, some pumping power

is required to inject the subcooled liquid to effect condensation and
Pressure rise,

The main results of the analysis from the standpoint of design

trends can be surmarized as follows:

1. The non-dimensional parameters in the expressions for
pressure rise for constant area jet condensers are: density
ratio, mass flow ratio and the ratio of injector area to
tube area.
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2. High vapor densities and high absolute magnitudes of either
inlet vapor velocity or inlet liquid velocity tend to favor
high absolute magnitudes of pressure rise.

3. Values of liquid to vapor mass flow ratio and of the area
ratio of injector to tube which favor high absoiute magnitudes
of pressure rise may result in high pumping power require-
ments for a constant area jet condenser. If a large pressure
rise relative to the pressure drop required for injection
is desired,then higher ratios of injector to tube area and
low values of liquid to vapor mass flow ratio should be
used.

3.2 Variable Area Pressure Rise Analysis

Although the above analysis for constant area jet condensers is
useful in evaluating experimental performance, the maximum pfessure
rise potential of jet condensers is not realized in this geometry. - A
geométry which should produce much higher values of vapor to liquid
pressure rise is shown in Fig. 3-a. In this geometry the mixing chamber
is contoured to effect condensation with little reduction in the jet
velocity at the point of final condensation. Thus, the expansion losses
of the constant area geometry are avoided. Moreover, if a diverging
section is added for efficient diffusion, the pressure increment added
to the vapor should be increased by a large amount over the constant area
geometry.

Use of a converging-diverging geometry results in an additional
complicating factor in the analysis of pressure rise. Since the mixing
chamber geometry has an axial variation of flow area, the integral of the
wall pressure must be evaluated in order to apply the conservation
equation of momentum. Due to a lack of information for the internal
pressure distribution in this region, the validity of the analysis must
fest upon whatever assumptions are made as to pressure distribution.

In this section, the general equation for pressure rise is first

derived. The case of inlet vapor pressure occurring at the mixing chamber

wall is then treated. Deviations from this case are considered in
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order to provide an indication of the magnitude of their influence.
In the derivation of the general equation the following
assumptions were made:
1. Liquid pressure equals vapor pressure at Station O,
2. No heat loss from the condenser wall.
3. Entering vapor quality equals unity
4. Homogeneous flow within each phase exists at entrance and
exit stations (no mixing losses) with complete condensation.
5. The radial pressure and velocity gradients at the inlet‘and
outlet are zero. |
6. 1Injector discharge coefficient equals unity.
7. Uniform flow (constant velocity profile) occurs at the
entrance and exit.
With these assumptions, application of the conservation equations for
momentum, mass and energy from Stations 0 to 2 results in the following

expression for pressure rise (cf. Appendix B):

: . 2 . 2
: m m
‘P2 - PO = Po(AtO/Atl - 1) + - vc(aA, ~— + - Azo .
8y A1 t0 ™0 BFe 1 Mo

+

. 2 .2
- M oy (1'1(& 1

gP A 2 gh, 2 2
tl Atl Ato
1 x1 o
TwAw(cos ) /At1 - ——1—;—1—— I Pwﬂ dt ‘tan dx (7D
-0

Equation (7) expresses the total pressure rise in terms of:
1. Geometry and inlet flow parameters
2. Two unknown terms which contain properties of the boundary

flow, i.e., the shear stress of the vapor on the wall and the

internal pressure distribution at the wall.

n
values of the quantities of Item 2, In all cases it is felt that
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the friction term is small relative to the total pressure rise, (the
extremely short condensation distance and high values of pressure rise
measured during testing support this simplification). Another assump-
tioﬁ which can be used to make Equation (7) tractable is to use the
inlet vapor pressure as the pressure at the walls of the mixing chamber.
This assumption appears to be reasonable in view of internal measure-
ments made by other investigators (Ref. 9) and because of the sat@rated

state of the vapor.

3.2.1 Wall Pressure Equal to Inlet Vapor Pressure

Results of the analysis carried out for the constant
inlet pfessure model are presented in terms of the parameters discussed
in Section 4.4.1: the ratio of pressure rise to injected liquid dynamic
pressurelgP‘zand the ratio of pressure rise to inlet vapor dynamic
pressureAP . Substitution of P = on into the pressure integral term
of Equation (7) and neglecting vapor friction (T = 0) and diffuser

losses (1(d 0) results in the following expressions for pressure rise:

» o 2 _ 0 2 .
8 2 (1-%, )E (% ) a-2) @) a Xz):} @)

s(p =P Me, V /2g=2—v—-
Athv v Vo 8 / 22 8 X

th

X L2
Asha(PP)/p££/28=ZX[*‘( ——-—--(1+0—> 21] 9)
"r

2
. a-£.) m, | -8 @ +1)° 5
P8 = (Pz'Po)/PvVvoz/Zg =2 2 2 [1 + i} — :, R (1'22)!-L 2 + &

v
th

AB

: = (PZ-PO)/p_‘YIOZ/Zg = 281 !’1 +k

g, } L2 X 2 g 2
1+ H;— ) (A, + ) (11)

o s
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Equations (8) and (9) relate the pressure rise from the vapor to the
liquid at the throat to the dynamic pressure terms. Equations (10) and
(11) relate pressure rise from the vapor to liquid at the diffuser outlet
to the dynamic pressure terms. The latter two equations are most suitable .
for design purposes and for evaluation of test data. However, the former
expressions are also of interest in comparing the amount of pressure

rise added by the diffuser to that resulting at the throat. Also,
operation of a jet condenser with the diffuser exit area less than the
vapor inlet area will result in a pressure rise in between the limits
supplied by these equations.

Numerical examples of interest for the above equations
were computed and are presented in Figs. 12 through 18 in order to
illustrate predicted performance of variable area jet condensers. Figure
12 presents the calculated throat and diffuser pressure rises (referred
to injected liquid dynamic pressure) vs. the mass flow ratio of liquid to
vapor for a given liquid to vapor density ratio and injector to tube
inlet area ratio. Curves are presented to show the influence of different
values of the ratio of injector to throat area.

_ As in the case of constant area jet condensers, low values
of masé flow ratio result in higher calculated values of pressure rise
referred to liquid dynamic pressure. For example, the curve for Xl =
0.895 predicts a yalue ofl&gﬂ = 4.7 at a mass flow ratio of 10, while at

0
a mass flow ratio of 100, a value of AP, = 1.0 results. Also, use of

£
throat areas more nearly cqual to injector area results in higher values
of predicted pressure rise.

| Comparison of the curves for the pressure rise at the
throat to the pressure rise at the exit of the diffuser provides some
t‘ O o Tesad e

ing conclusions. At a mass flow ratio of 10, the pressure rise

at the throat is within 80 percent of the pressure rise at the diffuser
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exit (Xl = unity). This implies that the contribution of the vapor to the total
pressure rise is very high at lower values of liquid to vapor mass

flow ratio; i.e., efficient recovery of the liquid dynamic pressure at

the throat only increases the pressure rise by about 20 percent. Howéver,
as higher liquid flow rates are used the effect of the liquid head becomes more
-important than contributions from the vapor, and efficient recovery of
the injected liquid velocity is required to achieve a high pressure

rise. The above value of Agﬁ = 4.7 means that for an injector discharge
coefficient of unity, 3.7 times the dynamic pressure of the injected
liquid is available for circulation of the outlet liquid through the
liquid radiator loop (cf.Fig. 1) back to the point of injection., For
example, if a set of flow conditions were chosen such that the liquid
dynamic pressure were 10 psi a total of 37 psi would then be available

as a pressure difference for circulation of the outlet liquid flow. This
result, if verified by experiments, has profound significance in the use
of a jet condenser in a Rankine cycle system. It means that a jet
condenser could be used with little, if any, pumping power weight penalty
(if other performance reqﬁirements such as stable operation are met).

An interesting observation can be made as to the source
of the energy producing the jet condenser pressure rise by referring to
Fig. 12. For the mass flow ratio of 10 and the densities and area ratio
of this figure, the inlet vapor dynamic pressure is approximately 0.2
times the inlet liquid dynamic pressure. Thus, if both were recovered
with no losses a maximum value ofllal of 1.2 could be obtained. The
only other energy source which is available for the pressure rise through
the condenser is the internal energy of the vapor which manifests itself
as random thermal energy.' Thus, the results predicted by the anélysis
could only result if conversion of vapor thermél energy to a directed
mechanical energy iﬁ the liquid were to occur.

Figure 13 presents the calculated values of pressure
rise referred to inlet vapor dynamic pressure for the same geometric

and flow variables. Onc

il

(2]
[N

. ,
gain, as in the case of the con

jet condenser, increasing mass flow ratio has an opposite effect upon
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the magnitude of this pressure rise term from that of Fig. 12. That
is, increasing mass flow ratio produces increasing values of A;gv and
decreasing values Ongz . For examgle, increasing mass flow ratio fr?m
10 to 100 produces an increase inAPR, from 30 to 6007for an area ratio
O

of 1.0. This can be contrasted to the behavior of[&Plefrom Fig. 12
where a decrease from 5.1 to 1.0 is experienced. The same general trends
are exhibited for the predicted pressure rise at the throat, with the
exception that different area ratios have crossover points and the area
ratio for Xl = 1.0 falls off very sharply with increasing mass flow ratio.

v In order to illustrate the effect of density ratio, Figs.
14 and 15 were computed for a given geometry (Xl = 0.90 and XZ = 0,075).
As can be seen, higher values of liquid to vapor density ratio produce

0 o :
higher calculated values of AP A and lower values ofl&Pv, For example, increasing

Y/ _ o
density ratio from 2620 (700°F for mercury) to 14,500 (530 F for mercury)

0 .
produces an increase in AP from 1.85 to 6.0 (for a mass flow ratio of

20). A decrease in Agv ffﬁm 43 to 26 results from this change in
density ratio. ‘For constant mass flow ratio, this decrease in density can
be interpreted as an increase in vapor wvelocity. Thus, it appears the jet
condenser becomes a more effective pressure recovery device (for given
geometry and mass flow rates) as lower vapor pressures are utilized,

The effect of the ratio of injector to tube area 1is
illustrated in Figs. 16 and 17 (for a given density ratio and injector
to throat area ratio). -Results are similar in.trend to those obtained for
the constant area jet condenser; that is, increasing values of Xz result
in-increases in the non-dimensional pressure rise referred to injected
liquid dynamic pressure, or, an increase in the effectiveness of the
jet condenser as a pumping device, On the other hand, from Fig. 17,
it'can be seen that the absolute magnitude of bressure rise (or pressure
rise referred to inlet vapor dynamic pressure) is increased as lower .
injector to tube area ratios are used. Once again a trade-off is
indicated. It is interesting to note the curve for 22 = 0.01, an extremely

11t ey Eae
Ufiitly 10X
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higher mass flow ratios. However, the curve forzsgv rises very rapidly
and values on the order .of 104 are obtained for mass flow ratios less than
100.

The above results are useful in expressing the values of
pressure rise which may be possible using a jet condenser and to indicate major
trends. However, it is also meaningful to examine the pumping Charac-
teristics of these devices.

The net power output (in kw) of a jet condenser which is

available for circulation of the bypass liquid flow is given by:

0 = CASQ - AP My,
j 738p
or (l ﬁ) (12)

H = A'Pa cﬁramLO)

3 . : :

‘ 738p£

AP
a

for a perfect injector (cd = 1,0), ZFI - Agz

Rearranging and substituting forAPa and ﬁzo gives
: 2
PV “J2g
. 1 o v_Vo > (13
H, = Q- Yo Rp) o Ty )
] o8, 738p,

, Thus,-Equation (13) expresses the power output in terms of
jet condenser operating parameters. It should be noted that ail values
of¢58£ 1éss than unity produce a negative power output; i.e., pumping power
is required by the condenser. TFor fixed inlet vapor conditions the effect

of mass flow ratio on power output can be illustrated by plotting the -

expression:

H; - Q- ;?) 08 B) (14)

4
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This parameter, which is directly proportional to the
useful power output, is plotted vs. mass flow ratio in Fig. 18 for
three different area ratios (injector to total inlet). All three
geometries exhibit maxima within the range of flow ratios considered.” The

emallact in
emalieet In

ector, while producing the highest calculated value of Hgi has
the smallest range of operation; the useful power output going to zero

at a mass flow ratio of 25, On the other hand an injector to tube area
ratio of 0.075 theoretically provides useful power over the entire range
of mass flow ratios of the curve (0-100). The peak value of H; for this
geometry is 775 at a mass flow ratio of 60 vs. a peak of 1140 at a mass
flow ratio of 13 for X = 0.010. The calculated power output (in kw) for

2
any set of vapor inlet conditions can be obtained from the following

expression:
‘ Py Vvoz ﬁlvé '
By =, T N i

where Vvo is in units of ft/sec

m is in units of lbm/sec
vo

g = 32.2 1bm/1bf ft/sec2

3.2.2 Effect of Variations in Chamber Pressure _
Deviations of vapor pressure at the wall of the mixing

chamber from the inlet vapor pressure can occur. For example, if none of
the vapor flow condensed upon the jet, the wall pressure would drop due
to acceleration of the vapor in the converging geometry. On the other
hand,if complete condensation of the inlet vapor flow rate were to occur
upon the jet at some station upstream of the final interface location,
separation from the wall could occur and a region might exist where the
vapor pressure were equal to the saturation pressure of the liquid
phase. There is no apparent mechanism existing, however, for the vapor
pressure to increase in the mixing chamber since it must always follow

e - - A e oA - e
L€ dSdaLurgacion curve,
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In order to provide some insight into the effect of a
lower wall pressure in the converging section upon the predicted pressure
rise, analysis was conducted of two limiting cases. In the first case
condensation of the entire inlet vapor flow rate was assumed to occur-
immediately after Station 0; i.e., the jet temperature was raised to

Tge’ the outlet temperature, immediately after Station 0. The chamber
re e the sure P )

* (T /7
s' e
If the pressure were to drop any

ssure would then tak

"I

corresponding to the temperature Tﬂe'
lower, liquid would evaporate from the jet to raise the vapor pressure to
Ps(Tze) (sincé the equilibrium vapor-liquid flow is assumed). Similarly
any increases in vapor pressure would result in equilibrium condensation
on the jet to reduce the vapor pressure to Ps(Tle)' The analysis for this
case is essentially a modification of the analysis presented in Section
3.2.1 and is summarized in Appendix B. From this-énalysis, the pressure
rise vs. outlet subcodling was calculated for a given set of geometric

and flow conditions.

For the second case a linear (axially) variation of wall
pressure from the inlet (on) to the final interface was specified. The
final pressure was taken to be Ps(Tﬂe)’ the saturation pressure corres-
ponding to the outlet temperature. With these conditions the wall pressure
integral of Equation (3) was evaluated and the pressure rise computed
for the same set of geometric and flow conditions as the first case (cf,
Appendix B). Figure 19 presents the results of the calculations. The
solid curves are the calculated pressure rise for the cases given above
and the broken curve is the pressure rise computed for the wall preésure
equal to the vapor inlet pressure. As can be seen, very large increases
in pressure rise are possible if the chamber pressure were decreased to
be equal to the saturation pressure of the liquid phase or if a linear
variation were to occur. For example, at an outlet sub-cooling of 100°F
the constant inlet pressure model predicts a pressure rise of 7.6 psi
while Case I predicts a pressure rise of approximately 43 psi and Case II

predicts a rise of 23 psi,
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Of course, it is very unlikely that the above flow could
occur over the entire condensing chamber. However, local decreases in
vapor pressure can occur due to this or other types of flow occuring in
regions of the condensing chamber., The above treatment indicates that the

2= o poaas ]
rise w

pressure ould be much greater for t
be predicted assuming the inlet vapor pressure to exist at the wall of the
mixing chamber. Thus, use of the constant inlet pressure model to predict
outlet pressure should offer conservative values over treatments which

seek to account for local variations in vapor pressure within the
condenser. As such, it is felt that the constant inlet pressure model if
substanfiated by experimental results offers a reasonable prediction method
for jet condenser pressure rise.

3.2.3 1Interface in Diverging Section

If the vapor and liquid inlet conditions are not adjusted
properly, condeﬁsation of the inlet vapor flow rate may not be complete
at the throat location. The final vapor-liquid interface may occur in
other regions of the condenser, such as in the diverging portion. The
effect of this situation upon the condenser pressure rise can be illus-
tfated in a simple example. Consider the inlet pressure to occur at all
walls throughout the vapor region in the condenser, Moreover, the
assumption is made that the central liquid jet is coherent up to the
place of formation of the interface. The theoretical pressure rise can
then be expressed as a function of the location of the interface in the
diverging section of Fig. 3a (cf. Appendix B). With the results of the
analysis presented in Appendix B, calculations were made to express the
predicted pressure rise as a function of interface location in the dif-
fuser. The geometric and flow conditions used in the previous example
were also used in this case. Figure 20 presents the results. The pre-
.dicfed pressure rise decreases from a value of 7.6 psi, which.occurs
-with the interface in the throat, to a value of approximately 0.7 psi
if the interface is at the exit of the diffuser.

Once again, as in the example of Section 3.2}2, the

calculations are based upon a simplification of the physical flow.
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For example, dispersion of the liquid and vapor phases would probably
result from the high vapor velocity in the throat. However, the results
illustrate that significantly lower pressure rise may occur if the vapor-
liquid interface is formed in the diverging section rather than the throat.
rapid decrease can be seen to occur. For example, the
predicted pressure rise drops by about 50 percent for the interface
occurring at a location of 25 percent of the diffuser length.

The results of Section 3.2.2 and 3.2.3 are mainly useful
in providing -an understanding of possible deviations of experimentall
pressure rise from that computed for the constant inlet pressure model.
If the éonstant inlet pressure model is used to correlate test data or to
predict pressure rise deviations may result due to either of the above
flows.

3.3 Discussion of Principle Variables Effecting Piessure Rise

3.3.1 Factors Contained in the Ideal Pressure Rise Equation

Several non-dimensional flow and geometric parameters
contained in Equations 8 - 11 appear to have a strong effect upon pressure
rise of a jet condenser. These parameters provide the basis for the
choice of test conditions as well as for the extension of test results to
other variable ranges.

Density Ratio

The ratio of liquid to vapor density exhibits a strong
influence in the pressure rise equation. In particular, for a constant
mass flow ratio and given geometry, increasing values of 8 produce
increases in the non-dimensional pressure rise referred to liquid dynamic
pressure. The most important reason is that increasing 8 produces an
increase in vapor dynamic pressure (relative to the liquid dynamic pressure).
Since vavo is equal to a constant for constant vapor mass flow rate, de-
creasing Py produces an increase in the quantity DVVVOZ/Zg. For a given
system application the vapor temperature will generally be fixed. Therefore

the density ratio will not be an important design variable. However, if the

jet condenser is to be used in a Rankine cycle sy

rstem the effe
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ratio upon pressure rise may be an important factor in influencing cycle
operating conditions.

Mass Flow Ratio

The mass flow ratio of liquid to vapor is one of the most
important design variables associated with a jet condenser heat rejection
system. In addition to the influence upon pressure rise, thisbparameter
is an important factor in determining the average operating temperature
of the liquid radiator component. Higher values of mass flow ratio of
liquid to vapor produce lower values of the pressure rise referred to
liquid dynamic pressure. However, for a given set of vapor conditions
the absblute magnitude of the predicted pressure rise will increase as the
injected liquid flow increases. This result is illustrated in Fig, 13
in which the pressure rise is referred to vapor inlet conditions. Due to
the temperature drop in the liquid radiator component ﬁhe probable opera-
ting range of liquid to vapor mass flow ratio is from 20 to 50.

‘Geometrx

Two important geometric ratios appear in Equations (8)
to (11); the ratio of 1nJector area to throat area (Al) and the ratio of
injector area to total inlet area (AZ) For the constant 3rea jet conden-
ser these two parameters are identical. ZLarger values of A1 always
result in higher predicted values of non-dimensional pressure rise. For
higher mass flow ratios (8R greater than 30) a probable limit on Xl will
be unity. However, at lower mass flow ratios, acceleration and contraction
of the liquid jet may enable use of a throat which is smaller than the
injector. Smaller values of the ratio of injector area to tube area,
produce highér absolute values of pressure rise, larger values result in
higher values of the ratio of pressure rise to liquid dynamic pressure.

Pressure Integral

The pressure integral contained in Equation (3) was readily
evaluated when the inlet vapor pressure was assumed to exist at the wall,
However, the variation of vapor pressure in the mixing region is
influenced by several parameters: the heat transfer rate of vapor to

liquid, the rate of convergence of the mixing chamber, mixing chamber
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contour, final vapor-liquid subcooling, and initial vapor pressure. The
influence of heat transfer rate was indicated above; i.e., extremely
rapid heat transfer rates may result in complete condensation of the inlet
vapor flow within a short distance., This may result in separation of. the
boundary layer from the wall with the occurrence of a region where the
vapor pressure equals the saturation pressure of the liquid. Another
limiting case; namely, that of zero heat transfer rate would result in
a nearly isentropic expansion of the vapor which would also result in
lowering the vapor pressure at the wall,

3.3.2 Real Flow Effects

While the above parameters appear to be the most important
in determining the pressure rise characteristics of jet condensers during
operation at a steady-state design point, several other factors must be
considered in evaluating test results and off-design performance. '

Off-Design

" Perhaps the most serious of these effects would be
operation of the jet condenser under a set of inlet conditions such that
the location of the final vapor-liquid interface did not occur in the
throat section of the condenser. Occurrence of the interface in the

(o}

converging section (with stable flow) would result in a decrease in Al’

the ratio of injector area to the area at the final location of the vapor
liquid interface. On the other hand,occurrence of the interface in the

diverging portion would result in high frictional losses through the
o]

throat as well as a decrease in Al’

Friction Losses

Frictional losses,while of utmost importance in most
condenser designs,do not seriously influence the performance of a jet
condenser. The values of pressure rise may be greater than two orders
of magnitude higher than any frictional losses in the mixing chamber. -
This result is due to the éxﬁremely rapid rate processes occurring in the
device and the short vapor flow distance required before complefe con-

densation is effected.
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Mixing Losses

Another source of loss in the jet condenser is incomplete
mechanical mixing of the injected liquid and condensed vapor streams.
Occurrence of non-uniform flow, pressure, and temperature distribution’
at the exit of the condenser can result in a degradation of pressure

rise performance.

Misalignment of Injector

A practical source of loss is misalignment of the liquid
injector with respect to the throat. If misalignment were severe enoﬁgh
to result in impingement of the liquid upon the mixing chamber wall, a
high locél wall pressure would result which would produce'a decrease in
the total pressure rise through the condenser. Alignment problems become
critical where smaller geometric sizes are used.

3.4 Analysis of Heat Transfer into Jet

Several complex mechanisms occur during condensation of the  vapor
on a subcooled 1iquid jet. 1In order to provide a guide for testing and to
obtain information on the important variables, an analysis was performed
to identify the possible limiting resistance in the heat transfer process;
i.e;, the conduction and convection into the interior of the subcooled
liquid phase of the heat released at the liquid-vapor interface,

3.4,1 Summary of Analysis

Fig. 21 gives arepresentation of the model considered
for analysis. The liquid phase exists as a solid cylinder with a constant
radius r{lwhich is injected into the vapor at a constant velocity Vﬁo'
vapor temperature (Tvo) is assumed to remain constant throughout the

The

mixing chamber. With these assumptions, it is then possiBle to write an
expression for the rate of heat conduction and convection into the
interior of the liquid. Details of this analysis are summarized in

»Ref; 4 . Equation 16 expresses the results:

M = oo 9
T, -T )
w = Ae ko _ ; i ﬂ U V.z__orﬂ (16)
TVG-TEO z BM : B' i L (a +(1-

M=l [ " BL(a+at)]J
1 - exp ( -
V
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In this expression the temperature of the liquid at the exit, Tﬂe’ is

related to initial conditions of the jet and vapor, (Tlo Tvo’ Ylo’ rl,)
to the properties of the fluid (¥ and at) and to the distance traversed

by the jet (Lc)'

21 a2s the residence time

(of the liquid jet in vapor) required for heat transfer vs. the jet
utilization factor (or non-dimensional temperature) of the liquid jet.
Curves are presented for different values of the ratio of the total heat
diffusivity to the square of the jet radius. Several interesting features
may be determined by examining the curve,

' 1, Operation of the jet condenser with the final liquid
temperature equal to vapor temperature would result in
an infinite distance required for condensation of the
vapor flow rate. (For a finite liquid velocity). |

2, Increasing contributions of eddy heat transfer to the
total heat transfer result in much shorter condensation
distances (or jet residence time) for a given value of
jet utilization factor .

3. For a given value of jet utilization factor and total
heat diffusivity, lower jet velocities result in shorter
condensation lengths, Attempts to operate with extremely
high jet wvelocities would result in longer condensation
iengths.

4, Decreasing values of jet radius, for a constant value
of total heat diffusivity, result in shorter condensation
‘lengths (for a given value of jet velocity and jet
utilization).

5. Relatively short lengths of times are required to attain
given jet utilization factors for reasonable values of
diffusivity factors., For example, for a diffusivity
factor of 50 a jet utilization factor of .8 is obtained

nus,‘for a jet velocity of
10 ft/sec a condensation distance of .2 ft would be re-

quired,
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Figure 21 cannot be used directly to predict conden-
sation length due to a lack of information upon the local variation
of eddy diffusvity for heat,(jt and because the jet radius and vapor
temperature at the jet surface are somewhat different than parameters

assumed for the calculation. However,

the results indicate the major

trends of condensation length with jet utilization factor and also
+

3.4.2 Discussion of Important Parameters in Heat Transfer

A parameter of the analysis which is important both
from the standpoint of heat transfer and system design is the jet

utilization factor. This parameter is defined by the following equation:

Toe 4o Q |
L SN T - (7
vo. ko “?QCP(TVO'TZO)

The maximum possible value fdr X 1is unity, which would occur if the

final temperature of the injected liquid were equal to the inlet vapor tem-
perature, However, as discussed above this occurrence would require an infinite
_length to transfer the heat. The physical significance of this parameter
is that it represents the ratio of the enthalpy absorbed by the injected
liquid to the maximum enthalpy which could be absorbed; i.e., the enthalpy
which the liquid would absorb if raised to vapor temperature. This

factor can be related to two other expressions which are useful for

system considerations:

1
X = S -%; . (18)
1 1 , -
*= Tvo‘T{,e ) A‘Ts ‘ 19
Yo __tt .1 < 1 :
T, 1T At -t
e “Ro R

Equation 18 relates the jet utilization factor to the excess mass flow

: _ < ) ; R o PR BETRN
required to effect condensation over the ideal mass flow ratio (mp=)

required from
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the standpoint of a heat balance. Equation 19 relates the jet utilizatién
factor to the ratio of the outlet subcooling of the jet condenser to the
radiator temperature drop in a Rankine cycle system. From the system
standpoint, the excess mass ratio of liquid to vapor should be zero and
the outlet subcooling of the jet condenser should be zero. However,

from these relations the jet utilization factor would then be unity

and an infinite distance for condensation of the inlet vapor flow would

o

be required.

' The total heat diffusivity, a& is a sum of the thermél
and eddy or tubulent thermal diffusivity. Investigations to determine
eddy diffusivity, based on the premise that the two diffusivities are
additive, have been conducted. Included among these is a recent invest-
igation where measurements of eddy diffusivities were made for mercury
(Ref. 12 ), However, the results of these investigations have not been
adéquate to predict eddy diffusivity in pipe flow, let along flow of a free
liquid jet in a vapor environment, '

_ The effective jet radius, r,, used in the calculations
was based on a model of constant liquid flow area. However, in the real:

- case the jet has a ﬁarying radius and is characterized by surface waves
and fluid particles which are not of a cylindrical nature. This parameter
would not be constant for the entire mixing region. As noted in the
discussion of Figure 21, decreasing values of jet radius produce better
heat transfer characteristics.

o The jet velocity enters the above analysis since the
résidenée time of a liquid particle in vapor is inversely proportional
to'thé velocity. Higher values of jet velocity reduce the time spent
Sy any fluid particle in presence of the vapor. However, jet velocity
also appears to influence the eddy diffusivity and local variafion of

‘jet radius. Therefore, in some instances increasing the velocity may

result in an increase in heat transfer. -
The density of the vapor, pv,‘does not appear ex-
plicitly in Equation 16. However, this parameter has a very important

influence upon the heat transfer. Larger values of vapor density result
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in a higher flux of vapor molecules upon the liquid condensing
surface. When internal heat transfer is the'limiting resistance

this factor may not be important, However, situations will exist

in the overall heat exchange process where vapor properties (or the
flux of vapor molecules to the liquid surface) may become limiting.
Increasing vapor density would then result in increasing the heat
transfer. The jet length required for condensation of the incoming
vapor was simplified by assuming a constant area straight cylindrical
jet. In some cases the jet will not be straight but will follow a
irregular, tortuous path., Thus, the effective length in vapor which
a giﬁen liquid particle traverses may be increased over the geometric
distance from the point of injection to the point of final condensation. .
However, in general, the important trend is illustrated; increasing
values of jet length result in increasing in the heat transfer cap-
abilities of a given injected liquid flow.

3.4.3 Factors Influencing Jet Radius, Length, and Velocity

A As discussed above the actual values of jet radius,
length, and velocity are strongly influenced by flow parameters. One of
‘the more important effects is produced by the vapor-liquid shear force
upon the jet. Another is due to the disruptive forées occurring due to the
rapid condensation of vapor upon liquid.v High values of vapor velocity
appear to pfomote breakup and disentegration of the liquid jet.

(Refs. 13 and i4 ). In these references the relative vapor-liquid
velocity is used directly as a parameter in predicting drop size for
concurrent flow of vapor and liquid. High shear forces with the re-
sulting liquid break-up result in smaller values of jet radius, longer
jet lengths, and higher jet velocities than would be predicted using
the model of Fig. 21.

] The Reynolds Number of the injected liquid may have
a very important influence.upon the characteristics of the injected
liquid. For a free jet injected into a still gas, break-up of the jet

begins at a certain characteristic length which is dependent upon the
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Reynolds Number of the injected liquid (Rayleigh instability). This
breakup first takes the form of a varicose characteristic of the jet.
Eventually physical breakup occurs and liquid droplets are formed.

The length from the point of injection to the point where the varicose

A
rt
"

to assume a wavy character further downstream from the point of injection.
The influence upon jet radius and length are clearly seen. Use of jet
condensers with lower liquid Reynolds Number will result in decreased
values of jet radius and increases in jet length due to appearance of

a vaficose characteristic. 1Injection of the liquid with high velocities
results in a jet which is nearly constant in area and radius. This
phenomena will be illustrated later in Fastax motion pictures taken of

the injected liquid. -

3.4.4 Influence of Heat Transfer Parameters on Pressure

Integral in Pressure Rise Equations

_ Several of the barameters resulting from the analyses
of jet heat transfer may also have an important influence upon the
'pressurebrise integral which is found in the equation for predicted
‘pressure rise of a jet condenser. The influence of these parameters
may require their inclusion in correlations of experimental data.

_ The jet utilization factor, as discussed above,
has a strong influence upon condensation rate of vapor on the liquid
jet. From Section 3.3.1, condensation rate may have an important
influence upon the specific value of the preséure rise integral by
affecting the vapor wall pressure. In addition, the jet utilization
factor is a function of the outlet subcooling which also has an effect
upon pressure rise integral,

: The relative vapor-liquid velocity has an effect’
upon the heat transfer rate by the influence upon the character of
- the liquid jet as well as the eddy diffusivity of the jet, Aé dis-

cussed above, high values of vapor velocity or shear may increase the
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eddy diffusivity within the jet. Through these effects upon heat
transfer rate the relative vapor-liquid velocity will influence the
value of the wall pressure integral as well as the specific location
of the final vapor-liquid interface.

at valandte
el veiecl

<y

The primary influence of ig that

s aacllCe

for
a given condensation length the jet residence time is inversely pro-
portional to the jet velocity. High values of jet velocities result
in smaller jet residence times which result in lower condensation
lengths. On the other hand, lower values of jet velocities result
in increased residence times of liquid in vapor, which tends to promote
higher condensation rates (or lower values of outlet subcooling). 1In
addition, as discussed above, higher values of jet velocity reduce heat
transfer by producing a constant area jet instead of a liquid phase
with a more irregular sinuous nature. V | '

Finally, the density ratio of liquid to vapor, 8,
has an effect upon heat transfer and pressure integral, As discussed
above, lower values of vapor density (or higher values of density ratio)
result in lower condensation rates due to the decreased flux of vapor
molecules impinging upon the liquid jet.

Due to the simultaneous interactions of these
parameters, the jet condenser can be operated with the interface at
the throat position with many different combinations of flow and thermo-
dynamic variables. For example, a combination of high jet utilization
factér,x , and low injected liquid velocity, Vio’ or a low values of
jet utilization factor and higher values of liquid velocity can be
used t§ produce condensation at the desired location. In addition to
influencing the final interface location these parameters also should
influence the spatial distribution of condensation. High jet utilization
factors and lower liquid velocities might produce the bulk of the conden-
saﬁion at the inlet regibn'to the jet condenser while higher values of
liquid velocity and lower values of jet utilization factor would '

e the condensation over the length of the

robably tend to di

jet. Thus the specific combination of these variables can influence
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the internal flow field in the mixing chamber and hence influence wall
pressure integral and total pressure rise.

3.4.5 Conversion of Thermal Energy to Pressure Energy

One of the most important sources of pressure rise
in the jet condenser is the thermal energy of the vapor. As discussed
in Section 3.4.2 proper utilization of this source can result in pressure
rises which are greater than 10 tiwes the sum of dynamic. pressures of the
injected liquid and vapor. The physical mechanisms responsible for this
phenomena are not well understood. However, it may be useful to think
of the injected subcooled liquid as providing a pumping action upon the
vapor; that is, as discussed in Section 2, the pressure at the boundary
of the subcooled liquid and vapor is nearly equal to the saturation
pressure of the liquid. This pressure is much lower than the free
stream pressure for cases of interest. Thus, a sizable pressure differ-
ence or motive force is provided to accelerate the vapor to velocities
which are even higher than the entrance velocity. 1In some cases the
pressure ratio may be sufficient to produce sonic velocities at the
interface. Condensation of the vapor at these high velocities then
‘results in a greater momentum recovery than would be calculated based
upon the inlet vapor velocity alone.

In order to assess the effect of conversion of thermal
to pressure energy the energy conversation equation was applied at the
inlet and outlet of a jet condenser. (Appendix C). A specific example
forrflow rates and pressure rise was chosen to illustrate the decrease
in outlet thermal energy corresponding to a highvpressure rise. bFor
this ekample, the decrease in outlet temperature resulting from an
increase in pressure of 62 psi was calculated to be on the order of
1/2°F. This amount is a small quantity, which by itself would not
strongly effect eycle efficiency. However, it should be realized that
aé the pressure energy is expended throughout the rest of the system
in overcoming friction, the temperature of the liquid is raised accord-
ingly. Thus, for a jet condenser operating where the pressure rise is
expen@gd in circulation of fluid, no large effect upon cycle

effi
ghould result. The energy of the vapor is transferred to the fluid of
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the liquid radiator loop, whether it be in the form of heat from con-
densation or as mechanical energy. This result means that a Rankine
cycle power system with a jet condenser could probably be operated

with high pressure drop through a liquid radiator loop with very small
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4. EXPERIMENTAL PROCEDURES

Experimental investigations of jet condensers were performed during
this program using two closed cycle mercury test loops. The lkw test
loop and the 10kw test loop are'described in detail in Part I of this
report (Ref. 15). The lkw loop was used for constant area jet condenser
tests while the 10kw loop provided the means for testing variable area
and multi-tube jet condenser geometries. Schematics of each test rig
are shown in Figs. 22 and 23. 1In both loops, mercury vapor was generated
in a pool boiler, circulated through baffles and superheaters to obtain
a controlled quality, and then delivered to the test section., Liquid
mercury at neariy ambient temperature was pressurized by a low speed
gear pump, heated to the desired injection temperature, and subsequently
was mixed with the vaporhstream in the test section. The outlet flow of
liquid from the test section was cooled to nearly ambient temperature
and pressurized. Part of this flow was delivered to the test section
(cf.above) and the remainder was returned to the boiler to complete the
flow circuit,

4,1 Test Section Geometry

Design of the injector geometry for a jet condenser requires a
compromise'to be made between pressure rise and heat transfer charac-
teristics. Vapor-liquid heat transfer is promoted by a high degree of
dispersion of the liquid phase. However, this is usually accomplished
through the dissipation of the kinetic energyvof the injected liquid, which
reduces the amount'of energy available for pressure recovery. During'the
previous program (Ref. 4), test sections were designed to achieve rapid
heat transfer rates. Subcooled liquid was, therefore, introduced in the
s. During this program, howeve

eration of pressure rise capabilities, reliability,and simplicity led to

1586-Final II 67



PRESSURE
GAGE

AANOMETER LEVEL WALVE

DIFFERENTIAL RESERVOIR
e PRESSURE MANOMETER DOWNSTREAM PRESSURE
e CONTROL VALVE
superHEATER ) DIRECT CONDENSER VALVE __
® [cgssssescesl gEvETL
upsTI ORIFICE FLOW "
CoNTROL é FLOW c METER g TuBE
VALVE METER  vacuum~
PRESSURE reservor— |1
MANOMETER
ERHEATER AR LEVEL VALVE
[ SuP ] DIFFERENTIAL
() PRESSIRE PRESSURE MANOMETER
I | \GAGE T s
| [ JET CONDENSE ,(
—t— —— \
t] | uesrrean & D @®
vuNInuL N ‘— ol \_-----——-—----- ]
e COOLER COOLER
e SUPERHEATER PRESSURE , o
INDICATOR ORIFICE FLOW METER Q RESS”“LE:EL
T |-BoLER SyECTION SIGHT TUBE () SHUTOFF
WALVE } VALVE
swTGFE |
WEATER BYPASS q DOWNSTREAM
BOILER INLET TROL b CONTROL VALVE \ VALVE
CONTROL VALVE } RESERVOR
VAL& 1 -— = o = ——
ORIFICE DRAIN } f
FLOW VALVE
METER BYPASS CONTROL VALVE
FIG. 22 1 kw MERCURY TEST LOOP SCHEMATIC

DE SUPERHEATER -CALORIMETER

VACUUM AND PRESSURE SOURCE

RESERVOIR

COOLER
WATER IN

~ON-OFF VALVE

-~ CONTROL VALVE

- TEMPERATURE

- PRESSURE

- LEVEL

- DIFFERENTIAL PRESSURE
-FLOWMETER

C }-CONTROLLER

— SUMP

@

QOO0

[

FIG. 23 10 kw TEST LOOP

SCHEMATIC

1588-Final II 68



the selection of a single central injector. Since improved pressure rise
characteristics were obtained with relatively small decreases in heat
transfer rate, this type of injector was used in subsequent test sectiomns.

Other schemes may be devised which result in lower pressure drop losses
in the injector flow passages than for the
test section configurations chosen provide a central stream of subcooled
liquid with known initial properties, with simplicity and ease of
construction,

The optimum mixing section geometry to insure both high pressure
rise and high heat transfer rates consists of a properly designed
converging section (cf.Section 3). However, initial tests were conducted
on a constant area geometry to determine feasibility and heat transfer
characteristics for central injectors. These data were used for sizing
of variable area geometries.. |

The first test sections used had a vapor internal diameter of
0.19 inches. Résﬁlts from these tests were used to scale condenser
geometries to larger size units (vapor internal diameter of 0.75 inches).
Finally, a multiple unit- test section was built which had a capacity
equal to the single units with 0.75 inch internal diameter. Table II
furnishes a description of the various geometries tested during this
program. In addition, for purposes of comparison two impinging jet
geometries, which were previously tested, are included. Figure 24 is a
schematic of a test section geometry which reflects the features of
construction of most of the units. Figures 25-32 are photographs of one
of the large diameter geometries and the multi-tube unit. Figure 28
furnishes a photograph of the jet condenser assembly and construction
details for one of the large diameter units. _

The majority of test sections were constructed with transparent’
mixing sections in order to record condensation length and obtain high
speed photographs of the internal flow processes. However, some units
featured all-metal construction for tests where very high pressﬁre rises

Svaatas &

g . o BN
{greacer tnan J

L -4

psid) were to be obtained. The transparent sections
o

v
were constructed of quartz in order to maximize high temperature strength
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22 TENSION TEMPERATURE Tension [
VAPOR — —ENSION ¢
oAl OUTLET TEMPERATURE (Tg,)
Tyo! QUARTZ TEST Z
/"~ SECTION ?
Vo {W/Y/ A
VAPOR VAPOR LiQUID
Sy R
(o™ HeST ()
PRESSURE TAP MIXING g
INJECTOR e CHA DIFFUSER SECTION ————s—//]'OUTLET PRESSURE
LENGTH % TAP( Fy, )
INJECTION TEMP T -1
(Tpo ) TENSION TENSION K2
° SECTION
MIXING — LENGTH
SECTION TE:
DASHED LINES INDICATE INTERNAL PROFILE
INJECTION OF CONSTANT AREA TEST UNIT
PRESSURE
TAP, ( P‘ )

INJECTED LIQUID
( ’hfo }

FIG. 24 SCHEMATIC OF TYPICAL JET CONDENSER TEST SECTION
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FIG. 25

LARGE DIAMETER
JET CONDENSER

FIG. 26

LARGE DIAMETER JET CONDENSER
ASSEMBLY
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FIG. 27 LARGE DIAMETER JET CONDENSER ASSEMBLY

FIG. 28 LARGE DIAMETER JET CONDENSER INJECTOR
AND DOWNSTREAM SECTION
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I\ REMOTE CONTROLLED
B}~ LIQUID INLET VALVE

LIQUID INLET PLENUM

VAPOR DELIVERY
Tuse

METAL
TEST SECTION

FIG. 29 MULTI-TUBE JET CONDENSER ASSEMBLY

VAPOR PLENUM CHAMBER

w3
f LIQUID
7] INJECTOR

VAPOR
PRESSURE TAP

LIQUID
INJECTION LINE

FIG. 30 MULTI-TUBE JET CONDENSER - LIQUID INJECTORS
AND VAPOR INLET STRUCTURE
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LIQUID OUTLET PLENUM

r§$$m’ FLEX SECTION

SECTIONS

FIG. 31 MULTI-TUBE JET CONDENSER - LIQUID OUTLET
PLENUM CHAMBER
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. Liquid Outlet Line
Vapor Line\  mylti-Tube Unit

Heater

Boiler Cooler

Pump

FIG. 32 10KW TEST LOOP MULTITUBE UNIT INSTALLED
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and minimize problems of thermal shock (as opposed to Pyrex). Sealing
between the stainless steel and quartz was accomplished by compression
of a high-temperature gasket material at both ends. This construction
technique resulted in some leakage problems at higher pressure rises
(greater than 40 psid) but was satisfactory for the majority of test

conditions.

During construction of the multi-tube test unit, careful control
of the dimensions of each of the three jet condensers was maintained in
order to eliminate the influence of any geometric non-uniformity. Dimen-
sions on metal parts and metal mixing chambers were controlled to within
0.001 inch. The quartz mixing sections were constructed within a maximum
tolerance of 0.002 inch. 1In order to verify the uniformity of these di-
mensions, flow tests using air were conducted with the multi-tube test
unit. Air was supplied to the vapor plenum chamber from the vapor inlet
tube. Water manometers and separate outlet orifices were used to provide
an indication of the relative flow through each jet condenser tube. The
pressure drops across these orifices were calibrated against a commercial
flowmeter (2 percent accuracy) to determine the air mass flow rate. With
this experimental arrangement the maximum deviation of the gas flow in
any tube from the average was 2 percent, which is within the uncertainty

of the measuring apparatus.

4.2 Range of Variables

The range of variables covered for the test units is furnished
in Table III. Comparison of these variable ranges with design conditions
for SNAP 8, SNAP 2, and Sunflower can be obtained by referring to this
table and Table 3-2 of Part I of this report. All test units were oper-
ated in a horizontal attitude such that gravity did not aid in the final
separation of vapor and liquid. Units had been tested with the flow
vertically upward in the previous program, with no discernible‘differehces
in performance. Therefore, no similar tests were conducted during this
program. The limiting values of pressure rise and mass flow ratios were
established by test loop capabilities rather than by performance cof jet

dijlrtitlies rTdillielrl L4 b 41

condensers.
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4.3 Operating Procedures

Two different procedures were used for jet condenser startup:

injection of liquid into flowing vapor or introduction of vapor into the

circulating liquid. Of the two, the latter was found preferable from.

the standpoint of control and minimizing thermal shock, and hence, was

used for the majority of test runs. The former procedure was useful,

on (Section 5§59
on { 2).

ST AV

Both techniques were used in both the lkw loop and the 10kw loop. The

operation procedure used most frequently in the 10kw loop (cf. Section 2

of Part I) was as follows:

1,

The entire system was pumped down to a vacuum of 29 to 30 inches
Hg and filled from the sump (this step eliminated any trapped
air pockets or voids).

After the boiler level was established, the boiler heaters were
turned on and the boiler was shut off from the rest of the sys-
tem. As the boiler temperature was raised to the operating
point the boiler was periodically vented to vacuum (29 to 30
inch Hg) in orqer to remove dissolved or trapped non-condensible
gases liberated by the boiling.

Liquid was circulated through the test section and reservoir
while heated. The agitation and heating, coupled with the use
of vacuum pressures, reduced the concentration of dissolved air
in the liquid mercury.

When operating values of temperature and liquid flow rate were
obtained, the pressure was adjusted to the proper value in the
réservoir, and vapor was introduced to the test section. Flow
conditions were then adjusted until the interféce was in the
desired location. Upstream superheaters were activated and
adjusted until a vapor quality of unity was obtained at the test
section inlet.

The inlet valve to the boiler was opened and adjusted until the

flow into the boiler matched the vapor flow rate. When this
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balance was obtained the reservoir was isolated from the rest

of the test loop. Closed cycle operation was then maintained

by adjusting the boiler inlet valve.
6. Adjustments of heaters, valves, and cooler were then made to
finalize or change test conditions.

A certain amount of latitude was found to exist when adjusting
the boiler inlet flow rate during closed cycle operation with variable
area test sections; i.e., changing the boiler inlet flow rate from the
vapor flow rate within a range (approximately + 10 percent) resulted in
a change in the operating conditions of the jet condenser to accommodate
the initial mismatch. For example, if the inlet liquid flow to the boiler
was greater than the vapor flow leaving the test section, the vapor pres-
sure dropped, resulting in a higher vapor flow rate. Of course, this
condition only occurred due to the thermal lag associated with the boiler
heaters and materials. If a sufficient time were allowed (approximately
10 to 15 minutes), the mismatch would again be obtained in the condenser
and the interface would eventuélly change location and/or collapse. How-
ever, these response characteristics simplified control and in addition,
indicate variable area.jet condensers may be self-regulating, under some

circumstances, for small flow perturbations.

4.4 Instrumentation and Experimental Error

Pressure, temperature, and flow instrumentation were calibrated
over. the range of operation for jet condenser tests. Calibrations varied
somewhat but the differences were small (~ + 1/2 percent) on all instru-
mentation with the exception of the electromagnetic flowmeters. These
calibrations changed by approximately seven percent in six months due to
decreases in the permanent magnet strength. Table IV presents a summary
of the maximum probable error in measured parameters. This error estimate
is based on the scatter encountered in calibrations, and on the least .
readings possible with the visual and electronic readout techniques used.

Differential pressure gage maximum error changed from test sec-

tion to test section as different range gages were used due to the changes

b - TTTTTE (=4
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TABLE 1V

Summary of Experimental Error

Measured Parameters

Pressure (absolute)

Pressure (differential)

Flow Rates
Temperatures

Condensation Distance

1588-Final II

lkw Test Loop

-+

I+

1+ I+

1+

1.0 psia

0.1 psid

2 percent

1/16 inch

81

10kw Test Loop

*

hx

0.5 psid-
2.0 psid-

I+

1.0 psia

0.2 psid-test Sec. No. 3

Test Sec. No. 4,7,8,9
Test Sec. No. 5,6

5 percent

1/16 inch



in the magnitude of pressure rise. Testing of test Section No. 3 was
conducted using a gage with a range of 10-0-10 psid. Test Section Nos.
5 and 6 were tested using the differences in readings from two absolute
gages (0-200 psig) to determine pressure rise. The latter technique vas
used because some of the values of pressure rise were out of the range
of the existing differential gages.

Calibrations were conducted periodically on the gages {every
3 or 4 test days). The maximum deviation among calibrations was always
less than the maximum error given in the table. Figure 33 is an example
of a calibration curve for the 0-50 psid gage. The zero reading on the
gages shifted slightly from '"cold" to test conditions due to the change
in ambient temperature inside the test enclosure. However, the zero
values were recorded with no flow both before and after each test se-
quence and the average applied to the gage reading to determine the
actual pressure rise. .

Thermocouples and the associated readout equipment were cali-
brated using the melting points of tin, lead, and zinc (450, 621, and
785°F respectively). Frgezing curves were plotted on the recorder for
all thermocouples and the melting point determined by the constant tem-
perature portion of the curve. As indicated in Table IV, the maximum

deviation obtained of the readings from the above values was 2°F.

4.5 Sample Calculations

In order to illustrate the methods of data reduction, the
appropriate equations and sample calculations for Test Run #3-13-1 are
presented in this section. The location of the measurements can be

obtained from Figs. 22 and 24.
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DIFFERENTIAL GAGE READING

50

1 | 1 1 L | I I |
45— =
o | | | | I | | 1 |
0o 5 0 5 20 25 30 35 40 45 50

TEST GAGE READING

FIG. 33

SAMPLE CALIBRATION CURVE FOR 0-50
PSID BARTON DIFFERENTIAL GAGE
10-18-61
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Measured Parameters

2 .

T = 536°F
voO
= O
T, 240°F
= 408°
T&e t08 'F
on = 3.4 psia
Pi = 14,5 psia
AP, = 14.9 psid
M, = 4200 1b/hr
A = 2.32 x 107% £t
Lo
A, = 3.07 x 1073 2
to :
= 1.0
voO .
L, = 1.0 in
Xl = 0.895
o
A, = 0.075
to = 0,750 in
d, = 0.206 in
1l
A = 2.84 x 1077 ft2
voO
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Calculated Parameters

- T
{e Lo 408 - 240 0.572 (20)

X= -7 . " 53%-20 O

= (4200) (032) (408 - 240) = 22,600 BTU/hr (21)

; R (22, 600) 173 1b/h
"o = hetCo(TooTpe)  T26.4 + .032(536 - 408) r(22)
Y
vV = ¥ = (173) = 273 fps
vo P, Ay (.062) (2.84 x 107> (3600) (23)
#
Vy, = T - G200 = 6.09 fps (24)
“© PMo (828)(2.32 x 10”7 (3600)
8B = s fo v %ag < L14:9)(64.4) (164) 29.9 ~ (25)
v.oooavwe (0.062) 273)2 | ,
o 2 (14.9) (64.4) (144)
AP, = AP /o, V, T/2g = 4.51 (26)
L a "4Lo (828) (6.09) >
AP, =P - B = 14.5 - 3.4 = 11.1 psid | (27)
8R =, /o = 4200/173 = 24.2 (28)
' A (14300) (.075) 1 2 2 2
= (2)(.895) |1 + - (575 + 1)° [ (.895)° + (.075)
(24.2)2(.925;J (24'2 ) [: :]
= 4.50
AP = (0B Y(o,v, 2/2 ) = (4.50)(828)(6.09)2/(64.4)
a(calc) L(cale)’ ¥y /28) = (4.50)(828)(6.09)"/(64.4) (144) (30)

[

14,9 psid
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n =B /0B = 4,52/4,50 = 1,002 (31)

a 4774 (cale)
n, = (pLVLoz/Zg)/APi = (828)(6.09)2/(64.4) (144) (11.1) = 0.298 (32)
0oV d ’
°Vyolto (.062) (273) (.75)(3600)  _
Revo = ——J;—'— (.130) (12) = 29,300 (33)
ol (828) (6.09) (.206) (3600)
- —____0__ = 4 [ - =
Re, = s PRI 107,500 (34)
Vo =V, -V, = 273 - 6.1=267 fps (35)
XV
Lo .572) (6.09
V = = ~ =
A SL__?%%77__1 0.0131 (36)
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NOMENCIATURE FOR SECTION 4

T - temperature
P - pressure
APa - pressure rise from vapor to condensate

- mass flow rate

m
A - area
X

- quality
Lc ~ condensation length
o)
Al - area ratio of injector to throat
X2 - area ratio of injector to tube inlet

d - diameter
X = Jjet utilization factor
R

- heat rejected in condensation of vapor

Cp - specific heat of liquid
hfg - heat of vaporization

po - density

Asv - pressure rise divided by inlet vapor dynamic pressure

v - velocity

Ag& - pressure rise divided by inlet liquid dynamic pressure
gk' - mags flow ratio of liquid to vapor |
na - ratio of measured to calculated pressure rise

.M, - ratio of ideal to measured injector pressure drop

Re - Reynolds number

i = viscosity
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(calc)
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SUBSCRIPTS FOR SECTION

vapor
liquid
inlet
injector
exit

tube

calculated
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5. EXPERIMENTAL RESULTS

5.1 Presentation of Data

5.1.1 Description of Tabulated Data

Experimental data obtained for the jet condenser test
geometries (Table II) are summarized in Appendices D, E, F, and G.
Original data and performance parameters derived from the measured data
are included in tabular form.

For the data sets where condensation lengths are given,
quartz test sections were used and visual estimates were made. No
quantitative information for condensation length was available for runs
where metal test sections were used (for high pressure rise). Liquid
temperature measurements were made using turbulating devices (baffles,
screens, etc.) upstream of a sheathed thermocouple. However, tests of
jet condenser No. 8 were conduéted with all obstructions removed in
order to obtain the maximum liquid circulation rates. However, this test
unit was well inSulated such that the measured temperatures {centerline)
should be within 5° to 10°F of the bulk temperature. No turbulation was
provided for vapor temperature measurements since saturated vapor test
conditions were used at all times. Vapor quality of unity was ensured
on all test runs (except 3-16-9) by superheating the vapor and then re-
ducing the superheat until saturated conditions were reached. For the
majority of test runs, this point was reached with very little or zero
power to the superheater (due to throttling of the vapor through the baf-
fle, integral superheater, and vapor valve).

Pressure rise was measured from a point in the vapor
delivery tube upstream of the injector to a point at the outlet of the
test section (cf. Fig. 24). No attempt was made to correct for pressure

losses due to injector drag and friction, or wall friction. For the

injector tube area ratio tested (0.075) these losses were small ( < 5%)
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compared to the total pressure rise. Testing of one geometry with a
larger area ratio (0.20) resulted in losses which were too large to
record meaningful data. It should be noted that these losses were
characteristic of the particular injector configuration which was chosen
for testing.

Injector pressure drop was measured by determining the
difference between the absolute pressure in the liquid line upstream of
the injector and the vapor pressure upstream of the injector. Liquid
flow rate was determined upstream of the injection heater where the
mercury temperature wés approximately equal to ambient (70o to 130°F).
Other parameters in the appendices are derived from the flow, tempera-
ture and pressure measurements using measured test section dimensions

which are summarized in Table II.

5.1.2 Perfqrmance,Pérameters

A discussion of some parameters which characterize jet
condenser operation was given in Section 2. However, it may prove use-
ful to summarize the more impoftant of these, which will be used as a
basis for comparing performance for different geometries of varying flow
conditions. These parémeters or modifications will form the dependent
variable for the majority of the curves to be presented in this section.

1. Agﬂ = APa/ptVLOZ/Zg The non-dimensional pressure rise re-
ferred to injected liquid dynamic pressure relates the total

pressure rise to the pressure drop required for injection with

an ideal injector.
2

2.. n_ . pzvzo /2g

i APi The injector efficiency relates the ideal
injector pressure drop to measured values of pressure drop.
These include bend and frictional losses. ‘

3. Agv = APa/pVVvoz/Zg The non-dimensional pressure rise re-
ferred to vapor dynamic pressure relates the pressure rise to
inlet vapor conditions. A convenient parameter is therefore
obtained whereby the absolute magnitude of pressure rise can be

a

determined for a set of fixed vapor conditions.
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4, ﬂa = APa/APa (calc) The ratio of actual pressure rise to
that calculated for a constant pressure model furnishes an
indication of the effects not included in the theory of Section
3.2. 1In addition, a basis for extending test results to other
geometries and flow conditions is provided.

5. LC The condensation length provides an indication of the
required condenser size and for a given vapor flow rate is in-
versely proportional to the average heat transfer flux.

Information on all parameters is presented for the con-
stant area geometry tested. Pressure rise and condensation length were

varied over a wide range. However, variable area geometries required a

fixed location of the vapor-liquid interface for design operation. Con-

sequently, information on heat transfer is mainly a correlation of the
values of flow parameters reqﬁired to maintain the interface at the throat
location. Pressure rise characteristics were determined for all geome-
tries. Howevef,.probleﬁs of injector-throat alignment and dimensional
control resulted in inconsistencies for small diameter-variable area data.

Consequedtly, the ﬁajqrtty of variable area pressure rise plots were de-

rived from test results for the large diameter (0.75 in. i.d.) units.

Performance parameters for all test runs are summarized in the appendices.

5.1.3 Parameters Controlling Performance

The values of condensation length and pressure rise for
jet condenser opefation are primarily influenced by the liquid-vapor mass
flow ratio, density ratio, and temperatures. Consequently, parameters
derived from these quantities form the independént variables for most
plots. The importance of mass flow ratio and density ratio have been
previously discussed invSeCtions 2 and 3. However, there are several
ways in which the operating temperatures of a jet condenser can be ex-
»preésed and related to other quantities. These temperature relations’

will be discussed in this section:
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1.

- Tle B Tlo

X = g2
Tvo - TLo

of the enthalpy change of the liquid to the amount it would

The jet utilization factor expresses the ratio

experience if it were raised to vapor temperature. The deriva-
tion of this parameter from a heat transfer analysis and dis-
cussion of its significance in a jet condenser system is given
in Section 3.4. 1In addition relationships with other parameters

are developed, viz:

X = 1 = 1
vo Tﬂe ATsc
T T + 1 AT + 1
Le fo R
1
X =% 0
mp - mR* +’l

Thus, plots with ¥ as the independent variable can be rearranged

such that the independent variable is the outlet subcooling,

"radiator" temperature drop, or excess mass flow ratio. When

vapor and liquid flow rates are held constant and the tempera-
ture varied, X appears to be the controlling function which in-
fluences condensation length and/or pressure rise.

Xv,a
y = %o

VR b The modified utilization factor is an empirical

quantity which appears to provide the best correlation of the

flow conditions required for a vapor-liquid interface to occur

at the throat location in variable area condensers. For constant
area jef condensers this same parameter (with different expo-
nents) appears to have the most direct influence upon the con-
densation distance when liquid and vapor flow are varied, in

addition to variations made in temperatures.
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Constant Area Condenser

5.2.1 Condensing Length

Curves of condensation length vs. the jet utilization
factor are shown in Fig. 34 for several average liquid-vapor mass flow
ratios for test Section No. 1. A significant feature of each curve is
the appearance of three general regions. In the first region at low
values of X, large changes in jet utilization factor can be accommodated
with very little effect on condensation length. The secénd region
represents a transition zone where changes in utilization factor produce
moderate changes in condensation length. In the third region (which
should be avoided in operation of a jet condenser in a power system),
small changes in jet utilization factor can produce very large changes
in condensationhlength. As an example, in Fig. 34, for the curve to
the extreme right, the first region on the curve extends up to values of
X of about 0.7, The_secohd region corresponds to a range of jet utili-
1i2ation factor from 0.7 to 0.87. The third region exists for a jet
utilization factor greater than 0.87. The value of X at which the
condensation length exhibits a iapid increcase appears to be dependent
upon the mass flow ratio of liquid to vapor. For example the curve for
%R = 66 rises at a value of X =0.6 while the curve for %R = 16 rises at
X = 0.85.

Choice of a high jet utilizationlfactor in a jet conden-
sing system has the effect of reducing liquid radiator weight and
reducing the excess mass flow ratio (cf. Sec. 6) However, high values of
X may result in excessive condensation lengths, unstable conditions, and
(as will be seen later)poor pressure recovery characteristics. A
correlation of the relation between condensation length and X(or ¥) for
variations in other flow parameters is thercfore important for preli

design purposes.
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Flow parameters have a strong influence on condensation
length for a given jet utilization factor. As the vapor velocity is
increased with liquid injection flow rate held constant, shorter conden-
sation lengths are obtained for the same value of utilization factor.’
For example, curves (1) and (3) correspond to the same iiquid injected
flow rate with different vapor flow rates. Curve (1) which has a vapor
velocity of about 55 fps shows a condensation length of 2-1/2 inches to
;ccur at a valde of X= 0.7. Curve (3), which is for a vapor velocity of
about 130, gives a condensation length of only 3/8 inches for the same
value of X. A probable reason for this increase in heat transfer rate
is the increase in heat transfer area caused by the greater breakup of
the liquid jet due to higher values of vapor shear.

As the liquid injected flow rate is increased with vapor
flow rate held constant longer condensation lengths occur for the same
value of utilization factor. Curves (5) and (3) are for the same vapor
velocity with mass flow ratios of 13.5 and 30 respectively. Curve (5)
shows a condensation length of 3/8 inches at X = 0.8, while Curve (3)
gives a condensation length of 1 inch for the same value of X. This
variation is probably due to two effects:

1. Decreasing liquid velocity results in a 1arger value
of the relative vapor velocity (Vvo - &o) which
increases vapor-liquid shear and heat transfer area.

2. Decreasing liquid velocity increases the time a given
particle of liquid spends in the vicinity of the
vapor. Thus, it is able to'abéorb a greater amount
of heat and condense more vapor in traversing a
given distance,

In order to incdrporate these effects in the presentation

of data, two additional plots were made. 1In the first plot, jet residence
time; which is defined as the condensation length divided by the jet

velocity, was plotted vs. jet utilization factor. This plot resulted in

two curves, or two groups of data points, for two different vapor flow rates,

For the next step jet residence time was plotted vs. the jet utilization
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factor times the relative velocity (VVO - VLo) raised to an undetermined
exponent. Previous work on sprays has indicated the relative velocity to
be an important variable in determining drop size (Ref. 13). Plots were
made for different values of the exponent until that value which gave the
least spread of test data was found. The results are presented in Fig. 35.

The best fit of data was obtained when jet residence

time, Lc was plotted versus v o= X 100 )1/4
Vio VR
A possible operating point for a preliminary design would
be at a value of ¥ of about 0.75 as indicated by the dashed line in
Fig. 35. If this value were taken as the operating point, then the
following relations would hold for condensation length, jet velocity,

jet utilization factor, and relative velocity between the vapor and

liquid:
LC ‘ :
—_ = 0,020 (37)
V,
. 1o
T - T 1/4
e Lo 100
and — v = 0.75 (38)

Vo Lo R

In general, it is desirable to use the highest possible
values of critical VY in order to minimize the mass flow ratio for a given
radiator temperature drop. However, a compromise may have to be made to
obtain high values of pressure rise and injector efficiency.

If the operating point were chosen to be below the
indicated value of ¥ = 0.75, then of course the above relationships do
not hold. Choice of such an operating point might be made in order to
obtain a parficular pressure augmentation characteristic or minimize
condensation length,

5.2,2 Pressure Rise

The values of pressure rise obtained during testing of the
constant area jet condenser, while not exceedingly high, provide infor-.
mation of several important trends. The influence of mass flow ratio
and jet utilization factor upon pressure rise are illustrated. 4

comparison of measured pressure rise with predicted is furnished and
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the efficiency of the central injector test geometry is examined.

The net pressure rise divided by the dynamic pressure of
the inlet vapor is plotted vs. mass flow ratio in Fig. 36. A trend of
increasing pressure rise with increasing mass flow ratio (for fixed vapor
conditions) is shown which is similar to the trend predicted by the
constant area pressure rise analysis. The theoretical curve for 8 = 2000
is plotted for reference. The differences between test values and the-
oretical may possibly be attributed to frictional and mixing losses and
to differences in vapor density for the test data compared to the calcu-
lated example. ' _

The large amount of scatter of Fig. 36 is due to the
variations of X at each mass flow ratio. Increasing values of X produce
longer condensation lengths (Fig. 34) and hence larger friotional and
mixing losses. This‘effect'ié illustrated in Figs. 37 and 38, which show
the effect upon pressure rise of variation in the jet utilization factor
at a constant mass flow ratio. Separate curves were determined for mass
flow ratios of 13.6, 16.0, 22, 31, 64, and 69. In these plots the pres-
sure rise is made non-dimensional by dividing by the dynamic pressure of
the injected liquid. ‘This parameter, Agj’ illustrates the influence of
X better than A%V due to better control and measurement of the liquid

flow characteristics during testing than those of the vapor flow.

For the four lower mass flow ratios (13.6, 16.0, 22 and
31) avalue of X is reached at which the pressure rise falls off rather
sharpiy. The value of X for the decline appears to be a function of mass
flow ratio. For example, for the above mass flow ratios the values of X
are. about 0,89, 0.89, 0.85 and 0.79. The reason for this behavior is
probably the influence of vapor and liquid conditions upon the relation
between condensation length and'jet utilization factor. For examplé,
operation with a lower mass flow ratio means a lower liquid velocity (for
fixed vapor conditions) and a longer residence time of liquid in vapor.
Thus a higher value of X is possible (for the same condensation~1ength)
than for higher mass flow ratios. On the above »ﬂfves the value of

ideal pressure rise is also plotted for each mass flow ratio. This
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quantity appears as a horizontal line since frictional or mixing losses
were not included in the analysis,
o)
The highest value of AP, obtained during testing was

L
.17 for a mass flow ratio of 16,0, This point was

absolute magnitude of pressure rise can be higher for larger mass flow
ratios. The maximum pressure rise obtained at gR = 69 was about 5.0 psi
which can be compared to a maximum of about 1.5 psi for gR = 16,0
The measured pressure rise appears to be closest to the
calculated pressure rise for the test runs which had the highest
ratio of liquid mass flow to vapor. This trend is shown in Fig. 39 which
contains a plot of ﬂa the ratio of actual to theoretical pressure rise,
vs., the jet utilization factor, X. Lines of constant mass flow ratio,
%R’ are shown. .The curve for %R = 69 exhibits peak values of na which
are greater than 90 percent., However, the curve for the lowest mass
flow ratios (13.5 - 16;0) has a maximum value of ﬂa of only about 75
percent. The increase in losses resulting from operation of. this
geometry at lower mass flow ratios may be due to increased frictional and
mixing losses. For the constant area geometry the main source of
pressure rise appears to be the kinetic energy of the injected liquid.
Operation at a lower mass flow ratio means the vapor flow is greater rela-
tive to a fixed injected liquid kinetic energy. Thus, frictional losses
due to the vapor flow will be greater relative to the pressure rise resulting
from the liquid,and ", will be less than for a higher mass flow ratio.
This figure also illustrates the narrow range of operation
for lower mass flow ratios. For example changing X from 0.75 to 0.89
results in an increase in na from about 0.5 to 0.75. Further increases
in X from 0.89 to 0.90 result in a very steep drop in n from 0.75 to,
about 0.40, Comparison of this curve with the correspoiding curve
(No. 6) of Figure 34 provides the possible explanation for this behavior.

The region of X for peak pressure rise appears to be the same region of
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X in which condensation distance is very sensitive to small changes iﬁ
X. Very small changes (e.g., from 0.89 to 0.90) result in very large
changes in condensation distance (from about 1.0 to 4.5 inches) with
corresponding greater increases in frictional losses. As indicated pre-
viously, operation of a jet condenser system at higher values of X is
desirable in order to achieve a higher average liquid radiator temperature.
However, considerations of stability, range of operation, and pressure
rise must also be weighed in the selection of operating conditionms. '

The remaining aspect of performance of the test geometry
as a preSSuré augmenting device is the efficiency of the injector. The
pressure drop which would be required in a perfect injector (C = unity
and no bends or restrictions) would be Pz 20 /Zg. However, for the
geometry tested, the fluid is brought in perpendicular to the tube axis
(cf. Fig. 24) and then undergoes a 90° bend, which produces losses. The
injection pressure drop included this loss as well as line losses. The
injector geometry was chosen to achieve simplicity of construction. 1In
a design intended to reduce losses, the liquid would probably be accel-
erated from a low velocity to the injection velocity in a straight run
with no flow obstructions or direction changes. Thus the only losses
should be those encountered at the injector outlet.

Figure 40 furnishes the ratio of ideal injector pressure
drop to the pressure drop measured for the constant area test geometry.
Values appear to range between about 0.5 and 0.8. Some dependence upon
vapor dynamic pressure and liquid dynamic pressure may be indicated but

the data are not conclusive.

5.2.3 Stability and Startup

Several aspects of jet condenser operation and its inter-
action with the other portions of the flow loop were studied during this
program. Included among these were:

1. Outlet fluid state
2. Fluctuations in condensation distance

3. Startup and interface formation processes
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At no time during operation of the constant area jet
condenser did slugging or vapor pockets at the outlet occur. This was
obsérved over the range of operation conditions of Table III. Vapor

t the outlet only whe

a
=4 - = 3 3 w <

¥, values were such as to produce con-

densation lengths greater than the test section lengths.

The most noticeable flow disturbance observed was the
oscillation of the condensation distance. The maximum oscillations
occurred in the constant area condenser at high values of jet utilization
factor (or in'the region of operation where condensation length is very
sensitive to small changes in jet utilization factor). Oscillations of
as much as 2 inches were observed for condensation lengths of 5 to 6
inches. The oscillations were observed to decrease as cpndensation
distance and jet utilization_factor decreased, and.below condensation
lengtﬁs of about 1/2 inch, oscillations were always less than about
1/16 inch, |

These oscillations were probably due to three effects:

1., Since these movements occurred during operation of

thé jet condenser in the "third region" discussed
in Section 5.2.1, the oscillations could be due to
local perturbations in temperature or mass flow rate,

2, Pressure fluctuations resulting from the sudden

expansion of the liquid jet were probably a factor.

3. The presence of a constant pressure reservoir down-

stream of the test section during most test runs
resulted in a source of fluid to feed any upstream
pressure oscillations.

The magnitude of the oscillations decreased when the
reservoir was isolated from the rest of the test loop. Although
oscillations in condensation distance existed, fluctuations in flow

rates and outlet pressure of less than 2-3 percent were normally encoun-

tered.
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Other aspécts of condenser operation which were examined
were the problems of startup and interface formation. A series of tests
were run in which subcooled liquid was injected into the test section
initially filled with vapor. The resulting sequence of interface forma-
tion was recorded with a Fastax camera operating at 2000-4000 fps.

Figure 41 is a series of frames taken from the films

1.

£
ik s

— =,
irst trame

vapor is seen flowing

rt
(]

el . sec apart. In
from left to right through the test section. 1In the second frame sub-
cooled liquid is injected from the left concurrent to the vapor flowrate..
In the ensuing frames the vapor-liquid interface, which was formed down-
stream, is moved to the operation point under the action of forces pro-
duced in the condensation process. The gradual establishment of the
final interface location suggests the process of interface formation may
be due mainly to the pressure forces resulting as the vapor is condensed
rather than a shock type process.

It should be noted that the above procedure is not the
same used during normal'startup. The sequence used most often consisted

of circulating liquid and then introducing the vapor {cf. Section 4.3).

5.3 Variablé Area Jet Condenser

The performance of several converging-diverging jet condenser
geometries was measured during this investigation. A total of six test
units were operated, condensing mercury vapor over a range of flow vari-
ablés (Tables II and III). As discussed previously, the main purpose
for use of a converging-diverging geometry was to increase the pressure
rise in the jet condenser. This result was demonstrated experimenﬁally.
In addition, improved heat transfer characteristics and flow stability
were also realized compared to the constant area units. Four of the test
units, which are denoted small diameter geometries, had a vépor internal .
diameter of 0.19 inches at the inlet. The other two (large diameter )
geometries) were constructed with a vapor internal diameter of 0.75 inches.

The results of testing small diameter geometries are limited

due t roblems of aligning the injector and the dimensional control

o p
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possible in the smaller sizes. Consequently, the data obtained with these
smaller diameters are primarily useful for providing heat transfer char-
acteristics and for indicating trends in pressure rise, operating range
and control. Data obtained for the large diameter geometries are useful
in establishing both heat transter and pressure rise characteristics for
these units. Sufficient control and measurement of geometric and flow
variables was obtained to enable useful comparisons of experimental pres-
sure rise with theoretical. The small diameter data are therefore used
mainly for heat transfer comparisons and illustration of pressure rise
trends which are not available from large diameter data due to the limited

geometric variation.

5.3.1 Jet Profiles

High speed motion pictures were used to record jet pro-
files over a range of’operating conditions for the variable area units
tested. Items of interest which are apparent in the films are surface
wave phenomena,  the physical appearance of vapor-liquid boundaries; and
the state of the outlet 1iquid;

Figure 42 shows the injected liquid jet profiles result-
ing from operation with four different mass flow ratios of liquid to vapor.
Vapor and liquid are injected at the left and flow to the right. Vapor
temperature, flow rate, and Reynolds number based on inlet diameter are
nearly constant for all test runs in this figure. The variation in mass
flow»ratio was obtained by varying the injected liquid mass flow rate.

The changes in liquid flow produced a variation in mass flow ratio from
15.3.to 50.8 which corresponds to a range of liquid Reynolds number (with
thevinitial jet diameter as the characteristic length) of 66,900 to 214,000.
The average vaporvReynolds number is about 26,800 for the four test runms.

A striking contrast exists between the jet profile at
the . lowest mass flow ratio and that at the highest ratio. In.frame "a"
(the lowest flow ratio) the jet structure is extremely varicose with £he
irregular protrusion of large fingers of liquid and a meandering charac-

teristic of the jet. The liquid is rapidly accelerated by the vapor and

1588-Final II 107



TIME =0

1 T
VAPOR FLOW
DOWNSTREAM HALF
TEST SECTION
2
/ UPSTREAM HALF
PLANE OF
INJECTED SUBCOOLED LIQU!
INJECTOR ae LiebiD
3
4L
° LIQUID
VAPOR LIQUID
INTERFACE
FIG. 41 INTERFACE FORMATION IN CONSTANT AREA JET
CONDENSER. Liquid injected into all-vapor
1588-Final IT flow

108



)

TIME = APPROX.
0.10 SEC
10
B LIQUID FLOW

Y -Te!

VAPOR AND
INJECTED LIQUID

FIG. 41 (cont.) INTERFACE FORMATION IN CONSTANT
AREA JET CONDENSER. Liquid injected
1588-Final IT into all-vapor flow

109




in one region occupies a flow area which is less than 15 percent of the
initial jet flow area. The velocity of the liquid at this location
appears to be about 25 feet per second, compared with an initial velocity
of 3.8 feet per second.
The acceleration of the liquid phase is probably mainly

due to energy transferred from the vapor by two mechanisms:

1. Momentum is recovered from vapor condensing on the liquid phase.

2. Shear forces occur at the vapor-liquid boundary because of the

high velocity of the vapor relative to the liquid.

' At lower mass flow ratios the initial momentum transfer
to the jet is probably greater than for higher mass ratios because the
injected liquid has a lower initial temperature, which provides a greater
driving force for condensation (cf. Section 2). The liquid should there-
fore experience larger axial and radial forces at the point of injection.
The axial force should contribute to the axial acceleration of the liquid.
Since the inertia of the injected liquid is lower relative to the internal
shear forces, deformation of the jet due to the shear mechanism is more
pronounced for iower mass flow ratios than for higher values.

Examination of frames '"c'" and '"d" shows that as higher
liquid Reynolds numbers and higher initial liquid temperatures are en-
countered, the jet becomes straightened and loses the varicose character-
istic. Surface waves are still present but are apparently not as signif-
icant relative to the structure of the jet interior. At higher mass flow
ratios, such as "d", the liquid flow area appears to increase from the
initial value. As discussed in Section 2, the increase in jet area at
higher flow ratios may imply that the momentum transferred from the
condensing vapor has effected an increaée in the internal pressure in the
liquid jet rather than increasing the velocity, which apparently 6ccurs
at lower mass flow ratios.

The above profiles have a practical significance in tﬁe
choice of throat size for a jet condenser. Operation at lower mass flow

smaller tha

e use of a throat which is

in order to achieve improved pressure rise. Operation at higher ratios
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FINAL VAPOR LIQUID INTERFACE

INJECTED
P iy LIQUID OUT
VAPOR
DIFFUSER
I \ THROAT
FLANE UP
INJECTOR INSIDE WALL OF
MIXING CHAMBER
Jet Condenser
INTERFACE
JET
BOUNDARY Liouid
DISCHARGE
REGION

MERCURY DISCHARGE IN MIXING CHAMBER
(NO EXTERNAL LIGHTING )

FIG. 43 JET CONDENSER OPERATING WITH MERCURY VAPOR

These two photographs show the appearance of the large diameter
jet condenser (Test Sec. No. 8) when operating at vapor tempera-
tures less than about 650°F. In contrast to the high speed motion
pictures, the jet appears to have a regular profile and the final
interface is fixed at the throat location. A bluish discharge
occurred in the condensation region and is shown in the photograph
to the left. The discharge is similar to that occurring in a
mercury vapor lamp and is probably a result of a static charge
generated by the shearing action.
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may require the use of a throat which is significantly larger than the
injector if impingement of the jet on the converging wall is to be
avoided.

The above profiles were obtained with effective film -
exposure times of about 10-4 seconds. Consequently, the irregularities
of the jet and periodic phenomena are clearly revealed. However, the
appearance is radically different than that observed visually. Figure 43,
which contains photographs taken with an exposure time of about 0.1 second,
shows operation cof a jet condenser as it appears to the eye. No jet irregu-
larities or fluctuations are apparent in either this photograph or from
motion pictures taken at normal speed (24 frames per second). No
measurable fluctuations in performance were found to occur during
steady state operation of these units. v

A consecutive sequence of several frames from a high speed
motion picture is shown in Fig. 44. The condenser is the unit of Fig, 42
and the test run is number 3-15-3. The formation of surface waves and
protrusions is illustrated in these pictures. The waves are formed and
grow in size until colliding with the wall or final interface. The
irregular nature of the flow and constantly changing surface area appear
to have only a small influence on the location of the final Qapor-liquid
interface. The surface waves attain higher velocities than the initial
jet velocity. For example, the wave indicated by the arrow can be seen
to traverse about 0.4 inches in the total duration of 1.4 x 10.3 seconds
for a velocity of about 24 feet per second. This value can be compared to the
injection velocity of 4.8 feet per second., If this velocity head were
entirely converted to pressure,a ratio of pressure rise to injected
liquid kinetic energy of about 24 would result ( compared to a measured
value of 6,3). If the throat size were reduced to avoid further expan-
sion losses resulting when the final interface is formed, much higher.
pressure rise might therefore be obtained for this mass flow ratio,

5.3.2 Heat Transfer

iAol

The most direct indications of the heat transfer charac-

teristics of a jet condenser are the length required for condensation of
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FIG. 44  JET CONDENSER OPERATION - CONSECUTIVE FRAMES FROM HIGH SPEED MOTION
PICTURE. (See Fig. 42 for explanation) TEST SECTION NO. 8 TEST RUN
NO. 3-15-3. Note: There is an interval of approximately 0.13
milliseconds between each frame. The total elapsed time for the
sequence is about 1.4 milliseconds
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FIG. 44 (cont.)

1588-Final II

JET CONDENSER OPERATION - CONSECUTIVE FRAMES FROM HIGH SPEED
MOTION PICTURE. (See Fig. 42 for explanation) TEST SECTION
NO. 8 TEST RUN NO. 3-15-3. Note: There is an interval of
approximately 0.13 milliseconds between each frame. The
total elapsed time for the sequence is about 1.4 milliseconds
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the inlet vapor flow and the enthalpy increase of the jet relative to the
total possible enthalpy increase. Depending upon the values of these
variables, heat transfer coefficients for condensing may range from
zero to greater than two orders of magnitude higher than those resulting
from film or drop wise condensation. The reasons for this behavior
were discussed in Section 2.

Test results for constant area jet condensers showed

the influence of jet utilization factor and other flow variables on

condensation length. Wide variations in condensation length were possible

during tests and in selection of the design operating point for a given
constant area geometry. However, in the convergent-divergent condensers
the interface must occur at the throat location,which is fixed by the
geometry (cf Fig. 3), for maximum pressure rise and stable operation.
Consequently, for a given test unit experimental feSults mainly provide
information on the vaiues of flow pafameters required to maintain the
interface (or condensation length) at the design point (throat). Tﬁe
most important flow variables examined for the variable area teét units
were jet utilization factor, injected liquid velocity, vapor velocity,
and density ratio (vapér temperature).

Scaling Criterion

The distance from injector to throat (1/4 inch) for the
small diameter variable area units was selécted on the basis of the
small diameter constant area test results (Section 5,2.1). The distance
from injector to throat in the large diameter units was selected by
choosing the ratio Lc/dtoto be a constant. Thus the condensation distance
was scaled up directly as the diameter with the estimate that the value

of flow parameters (X, v, , Vv and 8 ) required to maintain the

s
1nterface at the throat locatsgL wojid be the same for both sizes. The
basis of this scaling criterion was as follows.

If X, VLo '-V&oand p are constant and are the signi-
ficant parameters in the internal heat transfer of the jet, then the
remaining parameters which should influence the heat transfer are the

amount of vapor to be condensed and the surface area of the jet available
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for heat transfer. 1In particular if some average heat transfer coeffi-
cient Ec and temperature difference Tc are determined by the above four

parameter then

@ h_ =h_ A, AT
vo fg c j c
or
évo
L] - 2
But moo dt
and A, ~1Ld, -Ld_ (since the area ratio A, is fixed)
j c'i ct 2 _
Therefore
d 2
L ~ C or
Ld -~ 72
ct
Lc o~ C3dt

Performance Results

The results of testing the four small diameter units and
two large diameter unifs are shown in Figures 45 and 46, In these curves
the value of a correlating factor, ¥ = XV&O/VR is plotted versus density
ratio for all test runs where the interface was in the throat. For
the smaller diameter units, where visual estimation of condensing length
was difficult, test runs were selected where measured pressure rise was
50 peréent or greater of the pressure rise calculated with the interface
in the throat. The factor XY&]VR was determined'by trial and error to
provide the best correlation of test data, This correlating parameters
is similar to that of the constant area geometry except that the
relative vapor velocity enters with an exponent of unity instead of one
quarter indicating a much stronger influence.

The value of X obtainable for a particular set of the
other parameters is provided by the curves. As noted above X is the

fraction of the heat absorbing capacities of the jet which

T 1 can be
g an be

utilized for a given condensation distance. A value of X equal to unity
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would result in the liquid radiator inlet temperature being equal to
the vapor temperature. Thus, the radiator would operate at the highest
possible temperature and would require the smallest size.

The effects of V!‘_0 and VR on ¥ are as follows:

Higher values of liquid velocity, Vzo’ result in a shorter residence

time of liquid in vapor. The fraction of the heat absorbing capacity

of the liquid which is utilized (x) is therefore reduced, On the other
hand, high values of vapor velocity relative to the liquid (VR = Vvo -V o)
produce higher shear forces and tend to promote physical mixing, increas-
ing the heat absorbed by the jet in a given distance. The vapor density
has an important effect upon the jet. Increasing values of vapor density,
(decreasing values of8 ) produce a higher flux of vapor molecules upon’

the jet. Thus for constant values of %o and VR’ decreasing 8 results in
increases in ¥. . ’

The figures shown illustrate these trends., For example
from Fig. 45 the value of XVLO/VR which produces an interface at one
inch (large diameter test unit) decreases from about 0.10 at g = 2000 to
about 0. 045at 8 = 5000 - Further increases in 8 above about 10,000
appear to effect a very rapid decrease in the value of ¥ which can be
»achieved with the interface at the throat location. The reason for the
strong change in trend around p = 10,000 is probably that as the vapor
becomes more rarified the limiting resistance in the heat transfer
process becomes the vapor fiux attainable at the 3et surface rather than
the internal liquid heat transfer.

The curves of Figs. 45 and 46 1nd1cate that for a given
value of vapor density the value of x for a given condensation distance |
can be increased by either: increasing the vapor ve10c1ty or decreasing
the liquid velocity. For example, the values of ¥ at p 2600 (700 F)
for'Fig. 45 were obtained with a variation of yx from 0.71 to 0.95.

Of course, variations in Vio‘and VR to achieve better heat transfer
characteristics will also influence the pressure rise through the jet
condenser. 1Interaction between these performance parameters and

limitations on the value of ¥ are discussed in Section 6.
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The relatively close agreement between figures 45 and 46
is significant for scaling of heat transfer results to larger sizes,
The performance curves of ¥ versus 8 are identical at 8 = 2000 with the
curve for the smaller diameter (0,19") test units falling off to a
maximum of about 30 percent lower than the curve for larger diameter
geometries (0.75") at p = 6000, Moreover, the discrepancies may well
be due to measurement and alignment inaccuracies for the smaller ﬁnits.
If this result is valid, then even larger geometries scaled such that
the ratio Lc/gto is equal to 1.3 should exhibit nearly the same curve
of XV£0/VR versus P as the two groups of smaller units., Minor adjust-
ments in the values of vZo and VR might be required to achieve the de-
sign value of x. However, it would appear that such an extrapolation
may even be conservative (larger values of y attainable than predicted),
since the curve for the larger test units is someﬁhat higher than that
of thé smaller geometfies. '

AIn'order to illustrate the use of these curves, consider
Fig. 45. If this geometry were to be operated at 700°F with a jet

utilization factor of 0.90 then:

8 ~ 2600

Y = 0.075 from curve
v, /V, = 0.075/0.90 = 0,083
Lo 'R

Thus the ratio of liquid velocity to relative vapor
velocity should be about 0.083 to maintain the interface at the throat
location. If an inlet vapor velocity of 200 fps were specified, then a

liquid velocity of:

V&0 = (0.083)(Vvo -V, )

{0
(0.083) (200) _
or VLo = 1.083 = 15.3 fps

would be required for operation with the interface at the throat location,

Range of Operation

Part of the scatter in Figs. 45 and 46 is due to the fact

that for each geometry there is a limited range of values of ¥ which can

.
e used if the in

ace is to remain in the throat. A series of tests

was conducted on the large diameter test units to produce variations in
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Y and to observe the changes in condensation distance, The results of
these tests are summarized in Fig. 47. For each test run shown the
vapor inlet flow rate and temperature and liquid inlet flow rate

were held nearly constant., Temperature of the injected liquid was then
varied to produce the change in Y, Changes in Y then are mainly due to
changing values of X. However, small variations in vapor and liquid flow
rate occurred as the inlet liquid temperature was varied. Thus changes
in the factor"XV'Lo/VR had to be considered rathei than X only. The
results for tests at the higher vapor temperatures (725°F) indicate
Y(or ) may be varied by as much as + 15 percent with the interface
remaining in the throat. Tests conducted at a lower vapor flow rate
(126 1b/hr vs 210 1b/hr) than this example showed a reduction in this
range to about + 5 percent. Combining the results of the two curves for
lower vapor temperatures (553'- 560°F) and higher flow fate (170 - 182
1b/hr) indicates a range of ¥(orX )vof about + 24 percent is possible.
These results are important for operation of a jet condenser in a power
system. A relatively large raﬁge of operation of of ¥, VLo or VR can
be tolerated with this geometry without losing the vapor liquid inter-
face from the throat ﬁith the subsequent degradation of pressure rise
and stability. Quantitative data as shown in Fig. 47 are not évailable
for the large diameter geometry in which the throat length was reduced
from about 1.5 inch to .25 inch (Test Section No. 8). However, obser-
vations made during test runs indicate the maximum range of operation of
Y for‘this geometry with the interface in the throat was about + 5
percent, Thus it would appear that use of a constant area throat éan
contribﬁte significantly to increasing the range of operation possible
for variable areé jet condensers,

5.3.3 Pressure Rise

One of the most important advantages exhibited by varjable
area jet condensers over constant area units is higher pressure rise
from vapor to condensate. Results of the analysis in Section 3 provided
the first indication of this conclusion. Experimental verification of

the high pressure rise performance of variable area jet condensers was
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also obtained and is reported in this section. For example, Fig. 48
summarizes some representative test runs for the constant area jet
condenser and four small diameter variable area test units. The data
points are the maximum pressure rise which could be obtained during tests
conducted within the vapor temperature and mass flow ratio range indicated.
Pressure rise and pressure rise divided by liquid dynamic pressure are
plotted vs. the ratio of injector to throat area. The area ratio of

0.072 represents the constant area jet condenser and the data points

at the other four area ratios are for the small diameter variable area

test units., Pressure rise is increased from about 6 psi with the constant
area condenser to a peak of 62 psi with the variable area unit with an
area ratio of 0,83. Non-dimensional pressure rise increases from about
0.15 for the constant area geometry to a maximum of 1.4, Thus, for

these. tests, an increase in préssure'rise per formance by a féctor of about ten
was demonstrated. (The decrease encountered for still higher area ratios
for these small'géometries is probably due to impingement of the jet upon
the chamber wall.)

Performance Characteristics

In order to obtain pressure rise performance of variable
area jet condensers the test units described in Table II were operated
over an extended range of variables. As discussed previously, problems
of alignment and dimensional control produéed a great deal of scatter
in data for the sméll diameter units. Therefore, performance and trends
for variable area jet condensers will be mainly derived from test results
for the large diameter units. Performance is described by two parameters:
the ratio of pressure rise to injected liquid dynamic pressure and the
ratio of presSure rise to inlet vapor dynamic pressure. The former is a
measure of the jet condenser's efficiency as a pumping device. For a
value of ASL of unity and a perfect injector (discharge coefficient =
1.0) the pressure increase added to the vapor is equal to the pressure
drop required to inject liquid, and no net pumping power is required to
-irculate liquid through the jet condenser compongnt itself. Values of

2

ci
A$L greater than unity mean an excess pressure (ap, - 1) (ngzo /2g) 1is
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available for circulation of liquid external to the jet condenser (as

in a liquid radiator 1oop). In this instance, the condenser also becomes

a circulating pump which is driven by the thermal energy of the vapor.
The parameter, A%v’ provides a convenient means for

the designer to determine the pressure rise through the condenser

(AP ) when vapor inlet conditions are fixed (P_V /2g)

‘ The pressure rise divided by 11qu1d dynamic pressure
is plotted versus mass flow ratio in Figs. 49, 50, 51 for the two large
diameter jet condensers. All test rums with the interface in the throat
and with a pressure rise greater than 2.0 psi are shown. .

Values of Ag& were obtained which are as much as eight

times the values which could be achieved if the vapor and liquid dynamic
pressure were the only sources‘of pressure rise., For example, in Fig.
49 the maximum value of Agé obtained is about 12. That is, the measured
pressure rise through the jet condenser (AP ) is 12 times the dynamic
pressure of the injected 1iqu1d(pL Lo /Zg ). For this particular test

run the dynamic. pressure of the inlet vapor (p V /2g ) was only about

0.4 times the liquid dynamic pressure., Thus tzevzatio of measured
pressure rise to the sum of the dynamic pressure terms is 8.7. In order
for this result to occur, conversion of vapor thermal'energyvto liquid
mechanical energy must occur in the jet condenser, This experimental
result supports the conclusions reached in Sections 2 and 3. As a conse-
quence a very large source of energy is made available for liquid circu-
lation in a Rankine cycle system.

All three curves of AP& versus mR show the trends
predicted by- analys1s, i.e.,

1, Decreasing mass flow ratio produces an increase

in the ratio of pressure rise to injected liquid
- dynamic pressure.
2. Increa31ng density ratio (decreas1ng vapor den51ty)

usually effects an increase in AP
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FIG. 49
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the trend of the analysis is followed relatively closely over the rangé
ofAs%/ (1.7 - 12.0) and mass flow ratio (13-66) for these curves. The
deviations which do occur for the two lower vapor pressure curves and

for the curve of higher vapor pressures (Fig. 50) may be due to deviations
in the wall pressure from inlet pressure (cf. Section 3) and frictional
and momentum losses.

steady

R

[
»

7 The lowest value of A%y obtained fo -state opera-
tion with the interface in the throat location was 1.25 with the majority
of the test data falling above.1l.5. Thus, for these operating variables and
for a perfect injector (discharge coefficient of unity), the pressure
increment added to the vapor would always be greater than that required
to inject the liquid. For a mercury Rankine cycle system the operating
parameters for a jet condenser would probably include a vapor temperature
of 600-700°F and a mass flow ratio of 20-40. For these conditions the
large diameter jet condensers tested had a range of A%y of about 1.25
to 2.0. However, if the geometrlc trends of the analy51s are followed
(as were those for flow varlables) higher values of API should be obtain-
able for these conditions by use of a larger area ratio of the injector
to tube inlet.

Figure 51 contains a point at %R = 11.5 for which stable
operation of the jet condenser was not possible. An attempt to operate
at this lower value of mass flow ratio resulted in very large oscillations
in the interface location and vapor and liquid flows. Non-dimensional
pPressure rise was decreased from the points at gR = 15.0. The flow

conditions for this point are given in Appendix F.

The pressure rise divided by inlet vapor dynamic pressure

is plotted in Figs. 52, 53 and 54. While Ag prov1des a measure of the
efficiency of the jet condenser as a pumplng device, & P provides a
convenient means of determining the absolute magnitude of pressure rise
when vapor conditions are specified., All curves shown exhibit the trends

o
forA.PV predicted by analysis:

1. Increa31ng mass flow ratio produces increasing values

of APV. For fixed vapor conditions the value of
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FIG. 52

NON-DIMENSIONAL PRESSURE RISE (ref
to vapor dynamic pressure) VS MASS FLOW
RATIO OF LIQUID TO VAPOR FOR LARGE DIAM-

ETER JET CONDENSER. (Test Sec. No. 7)

FIG. 53

NON-DIMENSIONAL PRESSURE RISE
(referred to vapor dynamic pressure)
VS MASS FLOW RATIO OF LIQUID TO VAPOR
FOR LARGE DIAMETER JET CONDENSER
(Test Sec. No. 7)
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pressure rise increases with increasing mass flow
ratio.
2. Decreasing density ratio (increasing vapor tempera~
o

ture) effects an increase in AP .

vapor temperatures do not follow the analytical trend as closely as do
the data obtained for lower vapor temperstures (Figs. 52 and 54). The
probable explanation is that these runs had much lower vapor velocities
(due to the increase in density) and lower pressure rise than test runs
for lower vapor temperatures. Thus a relatively large amount of scatter
is found in the values of AB .

Values ofzng range from about 20 to 170 on these plots,
Therefore, a total of 20 to 170 times the inlet dynamic pressure of the
vapor was added to the inlet vapor pressure during these test runs., It
is very interesting to note that for a fixed set of vapor conditions no
limit on pressure rise is set by the inlet vapor pressure, That is,
whether the inlet pressure is 1.0 psia or 100 psia, the pressure incre-
ment added,zﬁPa, is increased as the mass flow ratio increases. This
result means the jet condenser could be very useful for condensing vapor
at a very low turbine exhaust pressure. Problems of excessive pressure
drop or choke flow, which may be common to a direct condenser-radiator,
will be less severe with a jet condenser, since a pressure increase can
be added to the inlet vapor pressure.

A description of variable area jet condenser performance by

plotting non-dimensional pressure rise versus jet utilization factor

was attempted. This approach was valid for the constant area geometry
where a wide range of operating points existed, each corresponding to a
definite value of X, However, for a given density ratio and mass flow
ratio Figs. 4§r47 indicate a range of values of y may exist for any design
operating point. 1In the curves of Fig. 47 the range of X was as much as
+ 24 percent with the interface in the throat. The possible explanation
for the range of values of Y which can be accommodated is that the large

pressures. and dynamic forces occurring at the interface in a variable
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area geometry require much larger changes in heat transfer rate to
effect movement of the interface than in a constant area unit.

_ Figure 55 is a plot of A%z versus ¥ for the test d:ta
of Test Section No. 8. The lack of a definitive relation between APy
and y is apparent, although soméwhat of a trend is indicated. Higher
average values of y are associateg with higher values of A;L' The
reason is that higher values of AP, result from lower mass flow ratios
of liquid to vépor (or lower value; of the ratio Vzo/VR)' Thus for a
fixed density ratio, the lower value of Vﬂo/VR requires higher values of
y in order for the parameter Xvﬁo/vR to remain constant due to the reasons
discussed above. However, as discussed above, a range of y is possible
at any design point. The dashed curves of Fig. 55 denote probable design
limits for y as established by observing interface location during tests.

Comparison with Calculated Pressure Riée

In order to enable more general use of the test results,

experimental perfoimance can be compared to that predicted by analysis
by using the ﬁqdel which incorporated the assumption that the mixing
chamber wall pfessure was equal to the inlet vapbr pressure (Section 3).
The results are,shown.in Fig. 56 which plots measured pressure rise |
versus calculated. The average deviation appears to be about + 30 percent
and - 25 percent of measured from calculated., Considering the simpli-
fying assumptions of the analysis, possible uncertainties in the values
of density ratio used in the analysis, and the possibility of off-design
opefation, the agreement shown is considered to be reasonably good.
Thus,'the calculation method used for predicting pressure rise appears
to be useful for preliminary design purposes. The results suggest that
the calculated values would probably provide a low estimate of thé pres-
sure rise in jet condensers. _ v

| Examination of the test data for Test Section No. 7, where
‘vapor temperature was varied over a wide range, reveals an influence of
jet utilization factor upon the deviation of measured from calculated

pressure rise, Figure 57 contains plots of 7_, the ratio of measured to

-

groupings of vapor temperature and injection velocity. These curves

appear to indicate that lower values of y tend to result in values of
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ﬂa greater than unity (measured pressure rise higher than calculated)
while at higher values of ¥, na falls below unity. Operation of a jet
condenser at higher values of X may therefore result in some degradation
of pressure rise performance, even though visual observation indicates
the interface to be at the throat locat or this
behavior is that changing the value of X influences the spatial distribu-
tion of condensation in the mixing region which in turn influences the
flow and wall pressure distribution.

Range of Operation

As noted in Fig. 55, useful pressure rise may be obtained
in a jet condenser over a considerable range of operating parameters.
As might be expected, the same correlating parameters which determine the
range of operation for which the vapor liquid interface remains in the |
throat appear to have the most important influence onvpres5ure rise.

" Figure 58 furnishes information on the variation of
pressure rise as the heat trapsfer parameter Y is varied for five test
sequences. These test runs are indentical to those of Fig. 47 where the
influence of ¥ on condensation length was presented. The ordinate of the
plots of Fig. 58 is na’ the ratio of measured to calculated‘pressure
rise. This parameter was used to eliminate the effect of variations in
flow rates which produced values of absolute pressure rise which were
different in trénd than the actual performance of the jet condenser,

The gross pressure rise characteristics of these plots follow the same
trend as the condensation length., At higher values of ¥ the interface
moves into the diffuser and pressure rise falls off sharply. At lower
valdesvof Y the interface advances upstream to the injector ahd a similar
drop in pressure rise is experienced. However, within the range of Y

for which the interface is in the throat, appreciable variations in
pressure rise can occur. For example, in the fourth and fifth plots.
na‘varies from about 0.75 to 1.20 as Yvaries from 0.019 to 0.031. The
probable explanation for this behavior is that chénging Yproduces a
change in the heat transfer and hence wall pressure distribution in the

mixing chamber. 1In addition, while the average position of the interface
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is within the constant area throat (as determined visually), high speed
motion pictures reveal the location to vary. At times, the interface
exists just upstream of the throat in the converging section. Theréfore,
lower values of ¥ may increase the time spent in the converging section
by the final interface, resulting in a deleterious effect upon pressure

rise. Similarly, the higher values of Y may result in occurrence of

=

he interface in the diffy

ser a fraction of the time with a resulting
decrease in the measured (time average) pressure rise due to momentum
and frictional losses., However, no fluctuations in measured pressures

were noted. Injector Performance

The performance of the liquid injector is indicated

in Fig. 59, which plots ﬂi versus the dynamic pressure of the injected
liquid, As can be seen, very low values of efficiency were measured.
At higher values of dynamic pressure, values of ﬁi as low as 0.2 were
obtained. However, these values are mainly characteristic of the
experimental setup rather than the injector. The sketch on the bot tom
of Fig. 49 indicates the injector configuration which was used. The
measured value of AP;includes the losses from t&o right angle bends in
addition to contraction and frictional losses. If the contraction
losses|{~.3 QLVLOZ and the first bend loss [~ .9 p&V&o ‘were sub-

K 2g 2g
tracted from A i the range of ﬂi for the injector would be approximately
1.0 to 0.3. 1If Line friction is included, then values of ﬂi would
range from about 3.0 to 0.35. Values of ni greater than unity are
possible when the local pressure at the injector exit is lower then the
values measured upstream due to the highly subcooled liquid and resulting
pressure gradient in the vapor. Thus, injector performénce cannot be
defined precisely for the test section geometries used. However;
design of a smoothly contoured injector for an actual application,
shduld result in a discharge coefficient greater than about 0.90 for

most cases,

5.3.4 Stability and Startup

wn
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stability must be discussed in terms of operation of the jet condenser
component itself and/or interactions with the other components of the
10 kw test loop. However, the performance observed can be used to '
indicate possible trends of stability and startup in a Rankine cycle.
system. For purposes of this discussion, stable operation of the jet

condenser is defined as operation with the following characteristics:

1 Vannyr fwn
Le vapui i

A £lAats a+
L A Jo\J VY A W

ot

ho outlat
LA~ A e Y

2. All fluctuations of flow rates, temperatures and
pressures are small (< 1-2 percent) compared to the
average (measured) values.

3. All flow rates, temperatures and pressures are
controllable.

&4, All other components of the test loop operate
with the criteria of No.s 2 and 3.

Stabie operation was achieved for the entire range of
variables of Table III. The only flow conditions resulting in unstable
operation are those of run numbers 1-31-2 and 3-15-3a where very low
mass flow ratios, liquid velocities and vapor velocities were used. 1In
this case the instability appeared as large oscillations (+ 50 percent)
in flow rates and pressures and in oscillations in the location of the
vapor-liquid interface (0 to 1 inch). For all other combinations of
the variables listed jet condenser operation was controllable and
measured fluctuations were within the limits indicated above.

' As noted in Section 4, the jet condenser was self
regulating for small mis-matches (~ 10 percent) of boiler inlet flow to
vapor inlet flow. The initial mis-match resulted in a decrease or
increase in condenser pressure level which then acted to correct the
vapor flow to the proper value,

The regulating properties of these condensers are
illustrated in Fig. 60 which is a record of performance during a drop
in vapor load from 170 1b/hr to less than 50 1b/hr. The vapor tempera-

ture, liquid inlet temperature, liqui

[N

outlet temperature, heat transfer

parameter, Y, jet utilization factor,X, vapor flow rate, pressure rise,
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ratio of measured to calculated pressure rise, and liquid flow rate are
plotted versus time following the shut-off of the boiler heaters. The
most significant‘aspect of these curves is the fact that by varying

the liquid injection temperature (as the vapor flow dropped) the vapor
inlet temperature was maintained in the range 540-570°F until final
collapse of the interface. The fact that the liquid flow and/or tempera-
ture can be varied to maintain a constant vapor pressure (and temperature)
at very low vapor flow rates is very important to the use of a jet
condenser in a Rankine cycle system . Current startup methods for these
power systems involve starting the boiler at about 10 percent or less

of rated flow. If a direct condenser-radiator is used, the heat load

is so small that the condenser cannot be maintained at vapor pressures
near rated operating conditiong without auxiliary_heating or radiation
shields. Operation at near rated pressure is required for satisfactory
pump performance. Even with these aﬁxiliary devices, stable interface
formation for the low dynamic forces resulting from the lower vapor flow
rates may be difficult,. Thesehproblems may be avoided in a jet condenser
system. Liquid mass flow rate and temperature may be varied nearly
independently of boiler flow rate in order to maintain constant condenser
and pump inlet pressures.

Startup of jet condensers in the laboratory loop was
accomplished in several different modes. Probably the simplest was
gradual introduction of vapor to flowing liquid in the test section.

The 1iQuid injection temperature was adjusted such that the interface

was maintained at the injector. Vapor flow and’liﬁuid temperature were
both incfeased until nearly equal to the desired operating values. At
this point the liﬁuid flow was momentarily perturbed by interrupting

pump operation. This moved vapor into the throat. Reactivation of the
pump after 10-12 seconds then produced the final vapor liquid interface
at the throat. The time depéndency of several operating variables during
this startup sequence are shown in Fig. 61, Steady;state values of
outlet pressure, temperature and flow were established to about 2 percent

within one to two minutes. However, approximately five minutes were
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required for the steady-state value of vapor temperature (SSSOF) to be'
attained (probably due to the thermal lag of the boiler). A large
increase in pressure rise (1.8 to 12,6 psi) occurred as the interface
made the transition from the converging section to the throat. As a.
result of the increase in pressure rise, the liquid circulation increased
from about 2900 lb/hr to 3750 1b/hr.

The opposite circumstance, collapse of the interface
to the injectof location, is recorded in Fig. 62. This collapse resulted
when the condenser was being operated with a value of heat transfer
parameter, Y, which was too low for the interface to be supported in
the throat location. For this sequence the pressure rise dropped from
15.4 psi to about 1.5 psi. Liquid flow dropped from 4500 1b/hr to about
3800 1b/hr and vapor temperature increased from 570°F to about 650°F.
Clearly the above behavior is to be avoided for sétisfactory'operation
of the jet condenser in a Rankine cyéle power system. Gross changes in
operating conditions would result from such a change in interface
location. Therefore, the condénser must be operated under heat transfer
conditions (Fig. 45) such that the interface is maintained at the throat
location, |

Oscillations in the location of the final vapor-liquid
interface were not apparent from visual observation of the quartz mixing
sections. However, high speed motion pictures revealed small oscilla-
tions (~ + 1/16 inch) to be present with very small periods (~ .005
secondé). Of course these oscillations had no apparent effect upon
measured temperatures and pressures due to the longer response timé of
the thermocouples and pressure gages used. However, it is more signifi-
cant that such oécillations had no effect upon the measured flow rates.
Liquid flows were measured using electro-magnetic flow meters where
response was only limited by the electronic circuitry of the micro-
'volﬁmeter used for indication. Therefore, it is felt that the oscilla-
tions observed in the high speed motion pictures will have very small,

if any, effects upon performance of the rest of a Rankine cycle system.
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Another interesting aspect of jet condenser operation
which was examined during this program was the process of interface
formation. A high speed motion picture was taken of the injection of
subcooled liquid into a jet condenser initially filled with flowing vapor.
A similar test was conducted with the constant area jet condenser

(Fig. 41) with highly subcooled liquid. For those flow conditions, the inter-

for the lar

face was formed at the in ctor However,

variable area jet condenser tests, liquid flow conditions were set so
that the interface should be formed at the throat. The length of time
required to establish the final interface at that location was sought.
The resulting sequence is shown in Fig. 63. As noted, the time required
from injection until a vapor liquid interface was established in the
throat with all-liquid flow out of the jet condenser was approximately
0.02 seconds. |

Further operation resulted in adjustments of the jet
profile and interface shape, but the interface remained at the throat
location. The short time required and the absence of any large oscil-
lations are indicative of the large pressure forces which tend to
maintain the interface>at the throat location if the flow parameters
are adjusted such that the required heat transfer rates are attained
(Fig. 45).

To summarize, for the conditions described above, startup
or stability problems were not apparent during jet condenser operation
in the.10 kw test loop. Startup was accomplished from cold conditions
with the loop evacuated and with no external devices (such as reservoirs).
Operation while maintaining a nearly constant vapor inlet pressure during
a variation from design conditions to very low vapor flow rates was demon-
strated. Fluctuations in condensation distance (due probably to variations
in jet heat transfer area) were observed in highspeed motion pictures but
had no apparent effect upon performance. Control, stable operation, and

flow division were achieved using only manually operated controls. Tests
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(smaller than would be used in design applications) resulted in unstable
flow. However, stable operation was achieved for the entire range of
test variables presented in Table III.

5.4 Multi-Tube Jet Condenser

In order to condense higher vapor flow £

rates, typical o
Rankine cycle power systems, an increase in capacity of the test units
discussed previously is required. Larger capacity can be obtained
either by increasing the physical size of a single unit or by manifolding
several smaller condensers. The former technique would be simplest

but some uncertainty may exist in scaling test results to larger sizes,
Manifolding several smaller condensers would enable use of the

actual test geometries in system design, if performance and stability'
did not change. Therefore, the main purpose of the multi-tube tests

was to determine if several. (three) smaller jet condensers (0.43 inches
i.d) could be manifolded to condense vapor flow rates typical of a

larger geometry (0.75 inches i,d.) while retaining its performance
characteristics. .

. As discussed in Section 4, the same area ratios, Xl (0.895)
and A2 (0.075), were used in the multi-tube units as for the large
diameter geometries.

The theoretical pressure rise characteristics were therefore
identical for both the multi-tube and large diameter test units. Since
the ratios of Lc/dg0 were also identical (1.3), the values of Y producing
an interface in the throat location should be the same if no manifolding
effeccs were present. However, as will be indicated below pressure
rise and heat transfer characteristics of the multi-tube test unit were
different from those of the large diameter unit. 1In addition, problems
of unstable operation were encountered for the experimental arrangement

used.

Heat Transfer

The main sources of comparison of multi-tube heat transfer
data with that of the large diameter jet condenser are test run No.'s

5-15-15 through 5-15-18 (Appendix G).
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During these tests the vapor-liquid interfaces were located
at the throat positions for all three test units except for periodic
collapses (cf.below). The values of ¥ obtained ranged from 0.0800
(8 = 2960) to 0.138 (§ = 2100). These values can be compared to the .
average values (for corresponding density ratios) for the large

of

diameter unit of 0.070 and 0.100 (cf.Fig. 45). The maximum values
nitg were gbout 0.078 and 0.120 at

¥ obtained for the large diameter
these density ratios. Therefore, the heat transfer rates (or attainable
values of X for constant v&o and VR) appear to be somewhat higher for
the multi-tube unit than for the larger diameter condenser. However,
the differences are small enough that no serious problems should be

present in applying the results for single tube units for a preliminary

estimate of heat transfer.

Pressure Rise and Stability

The pressure rise and stability characteristics of single jet
condensers were seriously degfgded when manifolding was attempted.

The maximum values of pressure rise which could be obtained in conjunc-
tion with stable flow conditions were about equal to the dynamic
pressure of the injected liquid. Attempts to operate with higher
values of pressure rise (where significant contributions of ﬁhe vapor
energy would occur) resulted in severe oscillations of outlet pressure
and flow and periodic collapse of one or more interfaces.

Figure 64 furnishes an illustration of this behavior. The
ordinate is Ag , the ratio of pressure rise to injected liquid dynamic
pressure. -Operation at lower mass flow ratios produced very low values
of Agzdué to- the occurrence of the interface in the converging section
or diffuser. Very steady outlet conditions were observed for these
operating points. Attempts to place the interface at the throat
location by adjusting flow rates and/or temperatures always resulted -
in very erratic flows and pressures. Usually two interfaces would

back up to the injector and vapor would exit from the remaining>con-

denser.
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As the mass flow ratio was increased, somewhat higher values
of AgL were obtained. For example, a value of 0.75 occurred at 8R
equal to 25. For this test run the interfaces were all at the diffuser
exit, Further increases in mass flow ratio (> 25) resulted in flow
conditions where the interfaces would remain the the throat location
for longer periods (~ 5-10 minutes). However, as shown in Fig. 64,
very large fluctuations in pressure rise occurred. For these test
conditions, AB& varied from 0 to 2.0 and APa from 0 to 7.0 psi. During
these oscillations the interfaces would remain in the throat locations
until the upper limit of pressure rises shown were reached. At that
time one interface would collapse to the injector, the pressure rise
would drop to zero, and the sequence was then repeated. The pressure
rise limits, period of oscillations, and usually the inter face which
collapsed were repeatable.

Fluctuations in heat transfer rate and in the nature of the
injected liquid probably proﬁide the disturbances responsible for the
instabilities exhibited. For example the fluctuations and loss of
interface at higher mass flow ratios were induced to occur sooner when
perturbations to the injgcted'liquid flow in one tube were applied by
changing the inlet valve position (cf.Fig. 29). However, when interfaces
occurred in either the converging section or diffuser, perturbations and/or
gross adjustments in the inlet flow in one tube had no apparent influence

on overall performance. Apparently the liquid and vapor flows were

redistributed among the tubes in order to accommodate the mismatch.

To summarize, the multi-tube geometry tested was operated
with.stable flow for pressure rises less than the injected liquid ‘
dynamic pressure. Heat transfer characteristics appeared to be similar
to the large diameter jet condensers tested. However, pressure rise
could ﬁot be increased above the liquid dynamic pressure without
inducing serious flow oscillations and instabilities. The tests
conducted represent only a cursory investigation of the problems
involved in manifolding such units. Modifications such as a check
valve arrangement to eliminate feedback of distrubances from one

tube to another may improve performance. Operation with other area

e
ratios or wall contours may result in different stability characteristics.
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For the present, because of the limited performance characteristics
obtained with the multi-tube set condenser and in view of the more favor-
able results obtained with the large diameter jet condensers, manifolding
cannot be recommended for use in system design. Instead, the scaling
units by a factor of about 16) should probably be applied for preliminary

design of single large jet condensers.
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6. DESIGN APPLICATIONS

The results of the analysis and experimental investigations described
in the preceding sections can be used for preliminary design of a jet
condenser for a Rankine cycle power sysfem. Since the heat transfer and
pressure rise characteristics were established for a definite area ratio
(22 = .0.075) and value of Lc/dto (1.3), design curves and a design
example will be presented for these values only. A summary of the possible
effects of changes in geometry and fluid upon performance will also be
given later., o :

6.1 Design Relations for.XZ = 0.075 and L./d¢, = 1.3

Application of the results of Sections 3 and 5 to preliminary
design is relatively straightforward if the area ratios of the test
geometries are retained And the scaling criterion of Section 5 is used
for larger size units. The curves presented in this section are derived
frbm the following assumptions:

1. The heat transfer correlationvof Fig. 45 (XVLQ/VR vs. 8)

is valid for larger geometries if the ratio of condensation
length to inlet diameter is held constant, equal to 1.3,

2. The pressure rise is given by the expressionms derived in
“Section 3 (which were confirmed by experimental data to
within about + 30 percent). .

3. For vapor quality less than unity the velocity of the sat-
urated liquid is taken to be negligible compared to the
saturated vapor velocity (slip close to zero). Thus, heat
transfer and pressure rise are mainly determined by the -
ratio of injected liquid flow rate to saturated vapor flow

rate,
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The above assumptions should provide conservatively low estimates
of pressure rise and heat transfer characteristics of a jet condenser for
larger vapor flow rates. The heat transfer scaling criterion, when applied
to the 0.19 inch vapor internal diameter test units, resulted in somewhat
improved heat trangfer for the larger (0.75 inch vapor internal diameter)
units. The trend of experimental pressure rise results appeared to be
siightly higher than th

The lower vapor quality (~ 0.81) test run produced values of
pressure rise and heat transfer parameter, ¥, which were higher than the
predicted values based on only the saturated vapor flow.

- With these assumptions, the results of Sections 3 and 5 were used

to prepare Table V, a summary of design relations for jet condensers (with

the geometric ratios of test units) operating with mercury vapor. The
independent variables for thesé equations are the saturated Qapor mass
flow rate (ﬁvo),.inlet vapor velocity (Vvo)’ and the inlet vapor tempera-
ture, density and pressure (Tvo’ Py on). The geometric variables of
Items 1 through' 8 are determined from continuity. and the geometric ratios

of the large diameter test unit (Test Section No. 8). The relationship

between X, V, and VR (Item 9a) was determined by trial and error to provide the

, Lo _
best correlation of test results. Item 9b is the heat balance for a jet

condenser. These two equations can be solved to provide a relation between
ATsc and ATR and the mass flow ratio, %R' ‘Since Items 12 and 13 show the
dependency of pressure rise upon mass flow ratio, a tradeoff between
pressure rise and temperature drop can therefore be obtained (cf.below).
The nozzle pressure drop can be estimated by dividing the ideal pressure
drop‘(for zero approach velocity) by the discharge coefficient squared.
The value given in the table for discharge coefficient was obtained from
Reference 16 as a typical value for a nozzle with rounded approach con-
tours, This calculation assumes a nozzle contraction coefficient of unity,
v The approximate rélationship between radiator temperature drop,
outlet subcooling and mass flow ratio can be obtained by combining

the equations of Items 92 and 9b. Solving for ATSC and ATR gives:
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SUMMARY OF DESIGN RELATIONS FOR MERCURY

TABLE V

JET CONDENSERS USING GEOMETRIC RATIOS OF TEST UNITS

Parameter Design Relation Source
1. Tube Inlet Area Ato = o Continuity
0.925 p. V
v vo
. 1/2 . .
2. 1Inlet Diameter dto = (Ato/'785) Geometric Relation
3. 1Injection Area A = 0.075 A Area Ratio for Test
1o to c
eometry
. R 1/2 . .
4, Injector Diameter d&o = (ALO/'785) Geometric Relation
5. Condensation Length L = 1,3 dto Scaling Criterion for
(Converging Chamber _ Test Geometries
Length)
6. Throat Diameter g = d&o/0'947 Area Ratio for Test
Geometry
7. Throat Length Ly, = 2 dto Scaling Criterion for
Test Geometries
8. Diffuser Angle. oy = 10° Value for Test
. Geometries
9. Relation between (a) XV&o/vR = K1 (a) Experimental Relation
Jet Utilization for Large Diameter
Factor, Liquid (b) hf ﬁvo + C ATscﬁvo . Test Units, Fig. 45
Velocity and Relative & P
Vapor Velocity = CpATRm&o (b) Heat Balance
K, = 0.075 for T__ = 700°F
vo o
K, = 0.043 for T = 600 F
vo
10. Maximum Values of X ~ 0.95 at TV = 700°F Experimental Results
Jet Utilization Y ~ 0.9 at T 6200F for Large Diameter
Factor Tested vo Test Unit, Appendix F
(Cont'd)
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TABLE V  (Cont'd)
Parameter Design Relation
. 1
11. Relation Between X = ATsc
Outlet Subcooling, AT + 1
Radiator Temperature R
Drop, and Jet
Utilization Factor
12. Pressure Rise Coefficient
Coefficients X
_ o “1 9
08,= 8.1+ —2 |{R%H 82 |4—+1
' 1 o 2 o 1 2 Eg
Or [/ 14,
2 ' 2
§ - aEp [ &S (Ep @+ D
= 1 + - =X
v Xth, I Y g
2 .
13, Jet Condenser ‘H} =2 !éﬁ-—-!é\\sﬂ
~ Power 3 8 1704 j
\\
- L) 08,8
P 1 .
L
2
" p&VLo
14, Nozzle Pressure AP, = >
Drop i 2gcd

where Cd ~ 0.98

Units'and Comments

vo

m, - 1b/sec
QO
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1
(1-X2) [_—X 5 +'1_i
th

Modification of

Results of Analysis,
Section 3, Agreement

with Test Results from

Large Diameter Units
to Within about + 30
percent,

-

Analysis for Pressure
Rise, Section 3

Ref. 16, Pgs. 122-125

- m__ - lb/sec, This parameter is the saturated vapor flow which is equal to
the inlet quality multiplied by the total inlet vapor flow .

(Cont'd)



TABLE V

¢ - 32.2 (1bm/1bf)(Et/secd)

H., - kw
]

o)
T o» AT ., ATy - °F

hfg - BTU/1b

cp - BTU/1b °F

% Ky, 08, 08, R, By, B, 8 R
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[ K
._1_.. - ..-Bg.. + 1
mrsc = (?fglcp Kl g (39)
- K2
K2 mR K1 + = 1 ]
L "R
and _ -
. 1 K
/ o ) = - T 4 1
ATR = khfg/cp mR) 1 4+ 1 m‘R (40)
K. - o _ _L. + KZ - ]l
S e
m
R
- -l
Where Kl = value of XVLo VR at a particular 8 (41)
from Fig. 45
K, = 8K,/(1-%) = o.0818 (42)

These relations are shown in Figs. 65 and 66 for vapor tempera-
tures of 600°F and'700°F.(8 ~ 6500 and 8 ~ 2620). Since the curves for
ATSc are mainly dependént on Fig, 45 for their derivation, a range of
about + 20 percent in the value of ATSc may be encountered at one mass
flow ratio. At any mass flow ratio the values of ATR and ATSc required
for operation of the jet condenser with the interface at the throat location
can be obtained from these curves. The lowest values of ATsc obtained during
testing are indicated by the dashed portion of the curves. For example, for
Tvo=$600°tie smallest value of ATSC obtained during testing with tﬁe inter-
face at the throat location was about 11°F. For TVo = 700°F the lowest sub-
cooling obtained was 13°F, . As larger mass flow ratios are used, the value
OvaTsc will increase while the radiator temperature drop, ATR, is lowered.
From Fig. 65 changing the mass flow ratio from 25 to 50 changes ATSC from
30°F to 115°F while ATR drops from 160°F to 80°F. The sum of these two
temperature drops is shown in both figures for reference and is the total
drop in temperature from the temperature of the inlet vapor to the injected

liquid temperature.
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The decrease of the total temperatﬁre drop at lower mass flow
ratios would indicate choice of these operating conditions to obtain

the highest average radiator temperature (Tvo - ATSC - ATR/2). However,

a tradeoff with pressure rise and jet condenser power output exists
ehtalh miatr ha annaddavrad hafavae rhadinn Af the dacion masge flow ratio
Wil L1l LINMO W LA WwWiIltD AU A U M AW A AR\ A A b A U\-U-l-bll LA O O o TV -~ A

In order to provide this informatiom, the two pressure rise
coefficients, A?L and Aﬁv, and the jet condenser power parameter, Hj"
were calculated and are plotted versus mass flow ratio on the same figures.
The useful power output exhibits maxima at gR = 60 for Tvo = 700°F and at
%R = 93 for Tvo = 600°F. However, these values of mass flow ratio result
in excessively high values of outlet subcooling for the geometry considered.
A decrease in power output is therefore required to be able to use lower
values of total temperature drop. For example, from Fig. 65 changing mass
flow ratio from 90 to 30 results iﬁ a change of the power parameter from
about 1400 to 620 and the total temperature drop decreases from,217°F
to 185°F. The corresponding changes in ATSC, ATR, RP& and Agv are
172°F to SSOF, 45°F to_132°F, 1.0 to 2.0, and 205 to 40, These curves, .
therefore, relate jet.condenser heat transfer and pressure rise performance
characteristics to system parameters such that weight‘tradeoffs can be
established when sufficient information on the liquid heat rejection loop
and radiator characteristics are available.

6.2 Design Eka@ple

In order to illustrate the use of the above relations an example
will be given in this section. Consider the following variables to be

fixed for the design:

T = 600%F (p. = 0.125 Ib/ft>, P ~ 7 psia)
vo v : Vo » :
n'nvo/xvo = 7200 1b/hr (total vapor flow rate)
X = 0.95

vo
V,, = 200 fps
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Items 1 through 8 of Table V can be used to determine the geome-

try: ‘
_ (7200) (.95) } 2
1. A, = T77925)(.125) (200) (3600) 0.0821 it
2. 4 = (.0821/.785 Y% - o0.322 £t
3. A, = (0.075)(0.0821) = 0.00615 £e?
2
b iy = (.00615/.785) % < Losss st
5. L, = (1.3)(.322) = 0.418 ft
6. d, = 0.0885/.947 = 0.0935 ft
7. Ly = (2)(.322) = 0.644 ft
O
8. a, =10°

1f the design temperature were chosen to be other thanv600°F or
700°F then Items 9 through 13 of Table V would be used to find the mass flow

ratio, 8R; which gave ;he best combination of ATsc’ AT, and pressure rise

for the rest of the system. However, for this case, F?g. 65, which was
computed for Tvo = 600°F can be used. Since information on fhevother
components of this type of heat rejection system is not available for this
example, a typicai value of 8R will be selected to indicate the values of
other parameters resulting from this choice. If %R = 30 is chosen, then
from Fig. 65:

)
ATSC = 55°F

: o
ATR .= 132°F

AB& = 2.0
o)

AR, = 44

H,' = 630
h)
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 WATE

In o

pumping power,

rder to determine the absolute magnitude of pressure rise and

it is necessary to determine the dynamic pressure terms.

. _ 0 . _ - 5
my, = W@ o= (30) (.95) (7200) 2.05 x 10 1b/hr (43)
V, =, /p,A, =~ (2.05 x 105yK800)(.00615)(3600) = 11.6 fps (44)
1TU 40 4 140
p£V£§2/2g = (800)(11.6)%/64.4 = 1670 psf = 11.6 psi
pVyo /28 = (.125)(200)%/64.4 = 77.6 psf = .540 psi
The total pressure rise is then:
APa = (2.0)(11.6) = 23.2 psi
The ideal pumping power available for circulation of the outlet
liquid through the liquid radiator loop is
poome 1 Yl Mo (e300 20002 (9395 156 kw (45
g i3 1470g (6500) ~ (1470) (g) . = * W (45)

"Due to a discharge'coefficient less than unity the power available

for circulation of liquid external to the jet condenser would be somewhat

reduced. For Cd = 0,98 and AP& = 2 the power output would ‘become
2 - €1/.98)%  .156 = .15 kw.
_ The above jet condenser flow conditions are shown schematically
be low
((h = 7zoo/xv01b/EP Jet f, = 2.77 x 10° 1b/hr
. o Condenser
: = 600°F o to liquid
: Liquid = 545
Vapoy  “vo —Liqui Tye - F radiator
< Xvo = 0.95 = 30.2 psia ’
\.Le
P = 7,0 psia 2 ' .
vo _’) th, = 2.05 x 10 1b/hx 7200 1b/hr to
\‘yvo = 200 fps T&0 = 413 boiler pump
Liquid | Pi = 19,1 psia
L‘y&o = 11.6 fps
from liquid radiator
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The above example demonstrates typical performance for a jet
condenser system which appears attainable without changing any geometric
ratios. As indicated in Sections 3 and 5, increases in pressure rise and
power output may be obtained by use of a smaller ratio of injector area
to tube area and/or by operating at higher mass flow ratios. The value of

AT , can be lowered by use of a longer condensation distance (Lc/d > 1.3)

and/or by operating at a lower mass flow ratio. For example, as iﬁgicated
in Fig. 65, values of ATsc as low as I}OF were obtained at the lower mass
flow ratios. The maximum performance potential of jet condensers can

be estim#ted ﬁsing'the‘analytical results of Section 3 but until con-
firmed for other geometries, they should not be used as the basis of

system design.
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7. CONCLUDING REMARKS

The present investigation has provided performance characteristics
of jet condensers using a liquid metal working fluid (mercury). Design
relations have been prepared for a specific geometry for preliminary
design of jet condensers for space power systems operating on the Rankine
cycle with mercury as the working fluid.

The most significant result of this program was demonstration of the
high values of pressure rise possible in convergent-divergent jet
condensers. Absolute values of pressure rise as high as 62 psid were
obtained. Values of the ratio of pressure rise to the dynamic pressure
of injected liquid ranged up to~12.2. The latter result was obtained
through the conversion of vapor thermal energy to mechanical energy in
the outletiliquid. bThus,-the jet condensers tested performed both as
coridensers and as vapor driven circulation pumps. The experimental
values of pressure rise for larger geometries agree to‘within'about
+ 30 percent and - 25 percent with values predicted by the analysis. The

recommended equation for predicted pressure'rise is:

. o £ 2 _
P, : 1 + %Rz I-X?_ A"+ A, + % | (46)

(The'various non-dimensional coefficients and ratios are defined in the

Nomenclature Table at the front of the report and are discussed in
Section 3.) ‘
Scaling relations were applied to test results obtained for small |
diameter units (0.19 inches i.d., to design larger (0.75 inches i.d.)
jet condenser geometries. These larger units performed with all-liquid

flow at the outlet and fluctuations of pressures, flows and temperatures
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which were less than 1 - 2 percent of the average values. Simple startup
techniques were possible and no gravity effects on the final interface
were observed. Values of the heat transfer parameter, Y, ranged from

0 to 40 percent (depending on vapor temperature) greater than values
obtained for the smaller units. Thus, for the same values of v&o and

her values of X were obtained for the large diameter jet condensers
than for the smaller geometries,

Results of cursory tests conducted on a multi-tube jet condenser

indicate performance to be degraded from single units. Both stability
and pressure rise were affected by the particular manifolding used in
the one unit tested in this program. Further study of multi-tube units
is needed.

Performance of jet condensers with other geometric variables and
other liquid metals can be estimated using the results of the pressure .
rise and heat transfer analyses reported in Section 3. However, experi-
mental verification should be obtained before these estimates are used
as the basis for preliminary design.

In order to provide more general results for design of mercury systems,
several parameters should-be varied in a manner not possible during the ‘
present program. Changes in injector-tube area ratio, convergence angle
(ratio of Lc/dto)’ and injector-throat area ratio should be studied
further, Operation with near sonic inlet vapor velocities and more exten-
sive tests with vapor qualities less than unity should be conducted. 1In
addition to steady-state performance testing, the interactions of jet
condensers with other components of a Rankine cycle system should be
studied. Performance should be determined during startup at very low
vapor flow ratés and subseqdently, during transition to design operating
conditions. Internal measuréments of pressure distribution in thevmixing
chamber should enable a more accurate pressure fise prediction method
to be formulated. |

Results from investigat;ons using mercury as a working fluid may be
somewhat applicable to other liquid metals such as potassium or rubidium,

For example, the pressure rise characteristics predicted by Equation 46
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should be valid for any fluid since the density ratio is the only fluid
property appearing. A similar expression offered satisfactory agreement
with constant area test results obtained both with mercury and with water
(Réf. 4) ., Surface tension forces in jet condensers are very small

(< 1 percent) compared with the large liquid and vapor inertial forces
occurring. Therefore, whether the fluid is nonéwettihg or wetting

have an important influence upon sta
rise. However; in view of the potential application of jet condensers
to alkali metal power systems, the performance characteristics with .

these fluids should be determined experimentally.,
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APPENDIX A

CONSTANT AREA JET CONDENSER PRESSURE RISE
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APPENDIX A

CONSTANT AREA JET CONDENSER PRESSURE RISE

The model used, for constant area calculations is shown below.

s V,, P

Vapor and liquid are injected at Station O. Condensation of the vapor
takes place as the floﬁbproceeds downstream. The injec%ed liquid serves
as a heat and mass sink for the condensing vapor. At some point within
the control volume (denoted by the dashed boundary), a vapor-liquid
interface occurs. The exit point, designated by the subscript 2, is
defined as the downstream station where the flow is homogenous (but

not necessarily all liquid) and in thermal equilibrium. The radial
pressure profile at the end points is taken to be constant and wall
friction is neglected. Furthermore, the assumption is made that the
saturated liquid (quality less than 1) associated with the entering
vapor is traveling at the same velocity as the vapor (no "slip").

Using these assumptions, the equation of conservation of momentum for

the control volume becomes:
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mzovzo + mvovvo +

g g

mfvvo + P A =
ot
g g g

The quality at station O is given by:

. - fiyo
vo .
Myt the
for complete condensation ﬁvz = 0,
mzovto + mvovvo +PA = mLZVZZ +
2X ot
g vo g
However,

Lo

vo

Mg2 = mzo + mvo/xvo

PAc

Substituting (4), (5), (6), and (7) into (3) gives

. 2 e 2 -
Tgo "vo : (mlo /xvo)
A A X T Bt T b A T EA
8 0 By vovo " e
2 . ° 2 . o
or P P = lo "vo ( Lo mvo/xvo)
- = Z
2 o A, At & At eEvo 8P 1At ,
A-2

1588-Final

m Vv m _V
22 2 + v2 2 + PZAt

Substituting (2) in (1) gives

2

(D

(2)

(3)

@)

(5)

(6)

(7)

(8)

9



if the inlet quality is unity then eq. 9 becomes,

o 2 a 2 m  +@ )2 |
P -P = L0 + VO - 40 VO (10)
2 ° gvafoAt gva'voAt gpzAt2

9
Dividing by poV£o°/2g gives:

AP o 2A 2 A 2
2
i s R et 2 Y
t my A A At
If the following definition is made
S0 _ R, (12)
e .
t
then: 8 R 2
A?£=282‘+l?]R—§-——x- ZR (1+1/mR) .(13)

If the pressure rise referred to the inlet vapor dynamic pressure

is desired then,

A

AB plvzoz/Zg A8 ‘%R 1R ) A8 ,
v oV Tlg "L g 322 2 e
or substituting (14) in (13) gives
o 2 2 2
m" (1K) 2(1-8,)
Agv = 2 —g— ——Eg + (1182) - ___;_Z_ (8R + 1)2 | (15)
2 b
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APPENDIX B

CONVERGING-DIVERGING JET CONDENSER
Q

THENDETTOAT DPRERC
Ad L -

P g sy ivy

IME RTCE
ALRAUNIINES A& dtsid ViNes AN S

The general equation for the theoretical pressure rise from vapor
to outlet condensate in a converging~diverging jet condenser can be
obtained by application of the conservation equations. Lack of infor-
mation on the detailed nature of the internal flow, however, prevents
a definite result for pressure rise in terms of inlet flow parameters
and condenser geometry. Numerical results will therefore be presented
for certain limiting cases which may be likely to occur in a convergent-
divergent jet condenser. .

General Equation

Consider the geometry of Fig., B-1l. Subcooled liquid enters the
condenser from the left in the form of a central jet. Vapor flows from‘
left to right in an annulus about the liquid jet. At station (1) the
vapor flow is entirely condensed and an interface is formed. The result-
ing flow, which is entirely liquid, is diffused from the area at (1) to
the original tube area, which occurs at station (2). For deriving the
general equation the following assumptions will be made:

1. Liquid pressure equals vapor pressure at station O

2. No heat loss from the condenser wall

3. Entering vapor quality equals‘unity

4. Homogeneous flow within each phase exists at all stations.
(No mixing losses.)

5. The radial pressure gradient at the inlet and outlet are zero.
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VAPOR-LIQUID INTERFACE

CONSTANT AREA THROAT

VAPOR(T,0,Po, Pyos Myo )——o-{ T

Liquio (T, B '/%"i'lo"_"" % LIQUID (T, 5,&2,?»1.)

o 1
2 NOTE: py =Py =f) =
(A An AL (Ay) 2 L= ==
Arpr Ay, 2o CONE ANGLE OF
CONVERGING
SECTION

FIG. B-1 JET CONDENSER NOMENCLATURE AND MODEL OF
ANALYSIS OF PRESSURE RISE
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With these assumptions conservation of momentum from O to 1

yields the following expression:

m V m V :
O VO . pp 4 A0ORO L 5,
g o Lo

g O VO

X
T A cos O + i‘ P xnd_tan o dx
W W J w | 9

0

a,.V
+pA L+ Tl 1)
I"tl g
Conservation of energy from 1 to 2 gives
P, +p V2 /2g = P, +p V2 [2g + K, p V2 /2g (2)
1 L 41 2 4722 d¥g 1

Solving for P, from (1) gives:

1

J?1 = Po At:o/Atl + mv<_:ovvo/gAt:1 + mzovzo/gAtl - l"n‘l‘vi’,llg‘\t:l

X
. 1
- TwAw cos a/A_tl -J‘ ’Pwndttan o dx/At1 (3)
0
gives:

Substituting for P, in equation (2) and solving for P

1 2

P2 = PoAto/Atl + (l/gAt‘l) (mvovvo + I.nﬂoVZO - mTVl,l)

2 2 '
-,V /2g + AN /2g (1-Ky) - . A, co8 o//Atl
%
-J P nd tan Q dx/Atl )
0

However, from continuity:

VVO = mVO/pVAVO A (5)
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Voo = M50/P 4R, (6)

i
g.

v /P81 | 7

01 '
Vo = g/p A, (8)

Substitution into (4) yields the following expression:

— . ) . 2 . 2 . 2
PyBo =8P =P (A /A, - 1) + (1A )G “fo A 4+ /o A - 6,"/p A L)
.2 X

. 2 2 2 1
+ (13Kd) o, /ngzAtl - by /2gp£At2 -t A cos or/Atl -J\

Pwﬁdttana dx/At1
0 9)

Relating tube area and injector area to vapor and liquid gives:

. 2 ) .2,
AP =P (A /A, - 1)+ (1) {[mvo /oA - Azo):-l + [mzo /p.zAl,o] - [m.r /P[Atl:l}
: R X, (10)
2 A ' 2- .
+ (ﬁT /zgpz)ﬁgl-xd>lAt12]-[iﬁAtd j}- Twchos alAtl -‘r Pwndttan o dx/.Atl
. d . ) , s ‘

Equation 10 expresses the totalbpressure rise in terms of (1) geom-
etry and inlet flow,p&raﬁeters and (2) two unknown terms which contain
pfoperties of the boundary flow; i.e., the shear stress of the vapor
on the wall and the internal vapor pressure distribution at the wall.

In order to obtain numerical results assumptions must be made of the
value of these quantities. 1In all cases it is felt that the friction
term is small reléfive to the total pressure rise, (The extremely short -
condensation distances, relative to direct condensers, and high values

of APa measured during testing support this simplification.) Other
assumptions related to the wall pressure integral will now be treated.

Constant Chamber Wall Pressure = Vapor Inlet Pressure

Perhaps the simplest model which can be formulated is constant
vapor pressure in the condensing chamber. This model of flow would be

approached if the rate of vapor mass condensed on the jet is such that
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in the axial direction:
l/mc amc/ax = l/At aAt/ax (1)

_However, even if this relation were not satisfied, the relation
between the rate of condensation and chamber contour may be such that.
the flow process occurs with nearly constant vapor pressure.

Substitution of P = Po into the pressure integral t

W

PR e -
Oorf equation (3)

Cm
and neglecting vapor friction (r_ = 0) and diffuser losses (K, = 0) gives
. w d &

on B2 ,
Py = PoAto/Atl +'P/gAt1}{.Evo./Pv(Atof_Loi +

. 2 i
figo /P Ay (" Po(Ato'Atl) Ay G2

or APth.= Pl - Po = (1/8At1){%ﬁvozlpv(Ato-Aﬂo)]'+ [mzozzpﬁAﬁo] -[:ﬁg%bzAtli} (13)

This expression relates the pressure rise from the vapor inlet to
the throat in terms of inlet flow paraméters and geometry. Equation (13)
may be made non-dimensional by dividing eithér by the injected liquid

dynamic pressure or the inlet vapor dynamic pressure:
(o}

P 2

L0 )

i 2,.
thl = 2P1 Po o /m

2 -
/QZVZO /2g = (APth)(ng[Az

_ N . 2, 2 . 2,. 2
= Z(Af,o/Atl) {(pﬂ/pv)(mVo /I, )I_Azo/(Ato-A!L-o)]’r 1 - (g /mﬁ )(AZO/Atl)} - (14)

for convenience let the following definitions hold

B Ay =K
A /A, =&y
AA T gzl‘gl =R
* /lv o ’
mzo vo mR
p /o =
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Equation (14) then becomes

0
M. =28 1+_f_fz_ -+ 18)%28 (15)
thy 1 02 | p "R M1
"R ;
Similarly:
3 2214
P. -P r 1-A ]
1 £ 1 Id 1 2
A...thv = oV ‘/28 "5!" (1=:82) n_l[;_ —2 + 1 - (21/22>\L'?\2) (1/’8/‘ \lglkTL)
vvo g, s & ]
(1-4,) B 1Ry R +n?a-R)
= 2 —§———— 1+ o 2 - S (16)
' th P 2 P gth
and the relation between Agthz and ABthv is:
' 0 2 £ 32

thv 8~ (gz)?

The additional pressure gain experienced through the diffuser is

obtained from equation (10) in a similar fashion:

o (o]
o 2, o ) 0 .20
ap, = 8P oV, /28 = Ky | 14— TR WY
"R 2
o 2
4p 2 L .1
4o o 2 A 2 A 2
Mo tl to
: % |
[o]
or s, = 231 1+ = ; -1+ 1/8)% [812 +822] (18)
mp (1- 2) .
and _ x _ 0 2 X o 5
(1K) )] @ +1° 3
o 2, 2 R 2 R 1
APV = APa/pvvvo [2g = 2 2 [1 + o0 - 5 (1-82)[5—5 +1
th L 2 J L th -}

(19)
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Constant Chamber Wall Pressure = Qutlet Saturation Pressure

A more sophisticated treatment of the pressure rise analysis would
include the fact that a variation of wall pressure occurs in the mixing
chaﬁber; hence the integral term in equation (10) is not as simple as

in the case above. In order to illustrate the importance of this effect

consider that condensation of the inlet vapor occurs immediately after
station 0. That is, the jet temperature is raised to Tf, the outlet
temperature immediately after station O. The chamber pressure would.
then take the.value of saturation vapor pressure corresponding to the
temperature Tf (PTf). If the pressure were to drop any lower, liquid
would evaporate from the jet to raise the vapor pressure to PTf (since
equilibrium vapor liquid flow is assumed). Similarly any increases in
vapor pressure would result in equilibrium condensation on the jet to
reducé the vapor pressure to Tf
The inlet conditions (cf. Figure B-1) are the same and the only
term of equation (10) affected (other-than friction) is the pressure

integral. With these assumptions equation (10) becomes:

2 2

1 <’ mvo + mLo - mT
8hy \P (Ato'At,o pl,Azo Peher

T Tf n d tan o dx
. ‘;r ) j
&0, Ay

rJ

NI

g -]

(o]

[}

|

1
\"'/

Pehio  Puli1

. 2
mT 1 1 Ato - Atl
¥ Zeo 2t 77 ) By A ‘
£ Atl A o t1

L
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or rearranging gives

A 5 2 8 2 %2
to . 1 vo Lo

AP '=‘P—P=(P-P)(-—-l)+ " + -

P "2 o o TE \ A, 8A. 1 pV(AtQ Ay PAL PA,

. or 1, 1)
ngz \A 2 A 2)
tl to

subtracting the expression for constant pressure from equation 21 gives

~~
N
[
~

AP - -P) “to ‘—FP P..) X—l 1 22
wp " 0B, =By - Ppp) g0 1) = (R - By ‘ (22)
. tl g,

Linear Variation in Chamber Wall Pressure

The case of a linear variation in chamber pressure will also be con-
sidered. If the pressure is assumed to vary from on, the inlet vapor
pressure, to PTf’ the saturation pressure, then the wall pressure integral

in equation 10 becomes

X1 k&
‘{ P nd tan o dx = T?g (P - P ) + P X (d -d J)+d tan o dx
W t X vo Tf Tf X to tl” tl
1 1

0 0

Xl )

X
= 7 tan o J (XJ (B, - Bp)(d, - d, ) dx
0

X
X
+J‘ X [(on -'PTf)(dtI) + (dto B dt:l)PTfl-dx

¢ M

X, | |
+j Pre dpp 9 (24)
0 ’ R
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X

1
= rtan o3 (B, - Pppdld - dy)
+t [, -Pd_ +(@ -4 )P _J+P._d. X
Vo T tl to tl Tf] Tf t1 71
) r.(on B PTf)(dto - dtl)
=7 tan o X_I —
1 3
. (Byo = Ppddyy + (4 - d, )Py ep 4]
2 Tf tl_]
but
deo = 9eq
(tan a)(Xl) == (25)
2
. | . 1 [ Poo = Ppf®(dyy = d )" (B, - Ppond (d - d))
. the wall integral = 7 +
2 3 2
2
P, n(d. - d_.) .
Tf to tl
f 5 + Ppoond g (dto - dtl{] (26)
Substitution of equation (26)into equation (10) and rearranging gives
Ao (Py = Ppg) nldy, - d )" (P - Ppp) md (4 - d)
Py P =P \a. " 1)- 6 A B 4 A
© tl » tl tl
P..n(d. -d ) P._rd . (d -d.)
Tf to t1 __TIf  tl to tl
4 Atl 2 Atl
3 2 £ 2 [+ 2 _ 8<2
1 vo Lo T T 1 1
Py (A At p. A, p A + 2gp 2 * 2 (27)
tl {0 L ko £ tl L LA A

tl to
Subtracting the expression derived for constant inlet pressure from

equation 26 gives

2
o <__ ) > (B - Pp) «(d - d )
, 6 A
tl :
P - Pp)

2
) "de1ldee - 9y Y md, -4y
4 Atl 4 Atl
Pmt i d‘_1 (d - d
1L 1 to Ll /nay
B 2 A \e®)
tl :
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Interface Downstream of Throat

The effect of incomplete condensation of the inlet vapor flow rate
upon condenser pressure rise can be illustrated in a simple example.

Consider the constant vapor pressure model to hold through the vapor.

central liquid jet is coherent up to the place of formation of the

interface. It is then desired to express the theoretical pressure rise
for a given set of inlet conditions as a function of the location of the -
interface in the converging section of Figure B-1. With the assumptions
above and neglecting friction, the effect of changing interface location
is to éhange Rl in equation (18). If Xd is the distance from the throat

to the interface location in the diffuser then:

2 o
®, - 28 8 L2
L 1 \r + X&tana 1.+'& 2 1 X
' . R 2
-+t 222 = 4+°2
( &R. 1 \r + X tany A (29)
d
or
, o 2
o] A
0, =23 |1+ —2L 2 1
£ 1 R 2 I-X Xd
R 2111+ — tany
2
o 2 4 2 '
Jred ] |87 (—2— ) +2 0
m 1 X 2 | - (30)
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APPENDIX C
JET CONDENSER ENERGY CONSERVATION

Consider the figure of Appendix B. Neglecting friction and heat

losses the energy equation written between 0) and 2) is:

n 2
; i ; € + m VvV "/27
™o hvo + ™o hzo +(mvo'vvo /23) (mio £o )
. . 2
= oy hy, + (hy, V,%/27) (1)
where
m = mass flow rate
h = enthalpy
V = velocity
Substituting for velocities in terms of the mass flow rates gives:
3 2 2 3 2 2
: i ' A 2J) + (m A 23
™o hvo + Mo hzo + (mvo /pv vo ) ( g0 /pzo go )
. . 3 2 2
=ty hy + Gip/eg, Ay 2D ()

Further rearrangement gives:
* A

. 2 2 2 o . 2 2 2
-+ (P
“Vo ( vo/pvJ) + (mvo jpv Avo g2J) + mR[%go + (on]pzoJ) + (mao /pao Ago gZJS

= (&R + 1) [uz + (lepﬂJ) + (rhVo + ‘i‘zo)zj%oz A22g2J] (3)
For a particular design the left side of Eq. 3 is fixed. The right
side then furnishes information as to the exchange of outlet internal
energy (u2) or temperature for a high outlet pressure (PZ)' Consider, for

example, the following set of conditions which are representative of a

test run (No. 10-28-12, cf Appendix D).

%R = 24.5

. -4 .

m o= 44.8 1b/hr = 3.87 x 10 = slugs/sec
ﬁZo = 1096 1lb/hr = 9.45 x 10.3 slugs/sec
T = 684°F

vo

T = 284°F

Lo -4 _ 2

A =1.82 x 10 ft

vo
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5 2

A = 1,473 x 10°° ft

Lo 3 -2 3
o, = 0.29 1b/ft” = 0.900 x 10 ~ slugs/ft
b, = 825 1b/ft’ = 25.6 slugs/ft’

A, = 1.967 x 1074 g2
p, o~ 802 1b/£t3 = 24.9 slugs/ft>

D’ — 1 2

~

P P
vo to

o

= 2960 1bf/f
Then the following equation holds:
[hvo + (3.87 x 10'4)2/(0.9 x 10'2)? (1.82 x 10742 (2)(778)(32.2)]
Hz4.5 b+ (9.45 x 107)% (24.5)/(25.6)% (1.473 x 107)%(2)(778) (32.2)]

= 25.5 hy + (25.5)(9.84 x 107)%/(24.9)%(1.967)% (10°%)(2)(778) (32.2) (&)
or

h, ~ 0.0392 hvo + 0.962 hjLo + 0.0561 (5)
and »

h ~ 169 BTU/1lbm

vo

hﬁo =~ 30.7 BTU/1bm

Therefore for the example considered
hz.z 6.62 + 29.5 +°0.06 = 36.2 BTU/1bm ' (6)
or

u

)+ P2/pﬁ2J = 36.2 (7)

In order for Eq. 7 to be satisfied, increases in outlet pressure, P2

must be accompanied by a decrease in outlet temperature T2. In order to

illustrate the magnitude of this effect first consider the case of no

pressure rise or P2 = 2960 psf
then
u, + 2960/802 x 778 = 36.2
u

, = 36.2 - .00473 | (8)

For the actual case, which was a pressure rise of 62 psi the outlet
‘internal energy is given by

uz' = 36.2 -.0190 (9)
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The change in internal energy is then given by

M, = C AT, ~ 0.0143 BTU/1lbm
2 P 2
or
0.0143 2
AT, = === = 0.447F
2 0.03
This result shows then, that the trade of thermal for pressure energy

at the spray condenser outlet can be accomplished for large pressure rises
(62 psi) and high ratios of outlet pressure to vapor pressure (4) with
very small decreases in internal energy (0.0395%) and temperature (0.447°F)
of the outlet liquid.
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